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Introduction and outline
The electrodeposition of Cu is the ﬁrst plating process that was applied on the industrial
scale as early as in 1839. But even nowadays Cu plating remains essential, for example,
for the metallization of semiconductor integrated circuits. Since Cu electrodeposition is
such a long-known process, there is a vast amount of knowledge available about it.
However, due to the continuous reduction of the feature size in computer chips, Cu
plating technology faces new challenges, since smaller and smaller connections (vias)
have to be ﬁlled by Cu electrodeposition without the formation of defects. To achieve
such defect-free ﬁlling of the vias, special plating solutions are used that, in addition
to the Cu2+ ions, contain carefully chosen organic and inorganic substances that alter
the deposition process in a favorable way. These substances are called additives. Al-
though such plating cocktails allow one to obtain the desired results, the development
of new plating solutions for novel applications remains challenging, as it is often done
by trial and error. In order to enable a fully insight-based development of new plating
solutions, detailed knowledge of the precise action of its components, i.e. the additives,
is required.
In this thesis I present my research on the inﬂuence of additives on Cu electrodepo-
sition on Au(111) as well as on Cu(111) surfaces. I combine classical electrochemical
experimental techniques, such as cyclic voltammetry and chronoamperometry, with the
surface science technique of scanning tunneling microscopy, and complement the re-
sults with vibrational spectroscopy measurements. With this combination of techniques
I study the eﬀect of additives such as Cl– and bis(3-sulfopropyl)disulﬁde (SPS) from both
the surface science and the electrochemistry perspectives. Chapter 1 provides back-
ground information about the concepts that are relevant for the subject of this thesis.
The study of electrodeposition phenomena, especially in the bulk (overpotential) de-
position regime, requires a very responsive, fast, and stable scanning tunneling micro-
scope (STM) that is able to operate in an electrochemical environment. I have designed
such an STM by making use of ﬁnite element analysis calculations for the optimization
of the mechanical structure of the microscope. The design procedure is described in
Chapter 2. Additionally, I present the ﬁnal setup in that chapter together with a more
detailed view on some of its components, such as the ﬂow cell and the bi-potentiostat.
Moreover, some examples of measurements that show the high-speed imaging capa-
2 INTRODUCTION AND OUTLINE
bility and the stability of the STM are presented.
It is known that the electrodeposition of Cu on Au(111) starts with the formation of
a Cu monolayer at electrochemical potentials above the equilibrium potential of bulk
Cu deposition. This monolayer formation process is called underpotential deposition
(UPD). In Chapter 3, I present a study of the Cu UPD on Au(111) and the eﬀect of SPS
on this process. Also, I discuss the role of Cl– ions on the formation of the Cu UPD
layer. Based on the experimental results, a qualitative model is developed to describe
the experimental observations. The model is put to the test in a set of additional ex-
periments. In the ﬁrst experiment, SPS is injected onto a pre-formed SPS-free Cu UPD
layer, and in the second one, hexanethiol molecules are used instead of SPS.
To get further insights into the behavior, the binding, and the orientation of the SPS
molecules during the Cu UPD layer formation, I employ in-situ Fourier transform infrared
spectroscopy and surface enhanced Raman spectroscopy during the UPD process.
The results of this study are presented in Chapter 4.
Although Cu UPD layer formation is interesting from fundamental point of view, it is
the deposition of bulk Cu layers that is relevant for the industrial applications. Hence, in
Chapter 5 I start the investigation of bulk Cu electrodeposition with the analysis of the
shapes of 3D Cu crystallites that form during this process. It appears that the shape
of the crystallites depends strongly on the presence of the additives, such as Cl– and
SPS, as well as of the SO2–4 anions. The link between the shapes and the energetics is
discussed.
In Chapter 6 I continue the study of bulk Cu deposition by the analysis of the nucle-
ation and the initial growth of Cu crystallites on Au(111). It turns out that the conventional
electrochemical method of the analysis of the current transients that correspond to bulk
Cu nucleation and growth is not applicable for our system (without SPS), as the mea-
sured transients deviate strongly from the ones predicted by the standard models. By
making use of our EC-STM, I obtain important deposition parameters, such as the nu-
cleation regime (instantaneous vs. progressive), the number of Cu nuclei, and the critical
nucleus size, as a function of the applied deposition potential. Additionally, I present ob-
servations of the surface alloying between the Cu crystallites and the Au(111) substrate
and also of the ripening of the Cu deposit, which was grown at high overpotentials.
In Chapter 7 I elaborate on the discrepancy between the measured and the calcu-
lated (using standard models) chronoamperometry curves. Several possible reasons
are discussed that may lead to such deviation. The main reason for the observed devi-
ation appears to be the inﬂuence of the charge transfer kinetics on the Cu2+ reduction,
in addition to the diﬀusion-limited supply of the ions to the electrode surface from the
bulk of the solution. A model is proposed that provides good ﬁts to the current tran-
sients at long deposition times. Further, an attempt is made to extend the model to also
account for the initial stage of deposition, i.e. the nucleation of the Cu crystallites. Addi-
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tionally, it appears that the transients that were acquired in the SPS-containing solution
can be ﬁtted using classical models that account only for the diﬀusion of the ions to the
electrode.
In the ﬁnal Chapter 8 the full potential of our EC-STM is employed during the high-
speed, in-situ imaging of Cu electrodeposition onto large (111)-oriented Cu crystallites.
In these images the details of the deposition on the atomic scale in electrolyte of diﬀerent
composition are studied. In particular, it appears that in the sulfate containing solution
the smallest stable growth unit is larger than the growth unit in the solution with Cl–.
This ﬁnding could be at least partly responsible for the accelerating eﬀect that the Cl–
ions are known to have on the Cu electrodeposition process.

Chapter 1
Background
This chapter contains basic background knowledge of concepts, theories, and experi-
mental techniques, relevant for the matter of this thesis. The process of electrodepo-
sition is described, followed by a more detailed explanation of diﬀerent mechanisms
of deposition. The experimental techniques that are described in this chapter include
cyclic voltammetry, chronoamperometry, infrared and Raman spectroscopy, and scan-
ning tunneling microscopy with an emphasis on its application in an electrochemical
environment.
6 1.1 Electrodeposition
1.1 Electrodeposition
Electrodeposition is a process of depositing a coating on a conducting (metal) substrate
immersed in an ionic conducting electrolyte by the application of electric current. The
electrolyte generally consists of the electroactive species to be deposited and a sup-
porting electrolyte to improve its conductivity. The electrodeposition process, known
for more than 150 years, is nowadays widely used by the industry as it oﬀers various
advantages compared to other deposition techniques. The advantages include its ease
of use, its low cost, control over the deposited layer properties, scalability etc. The
typical applications of electrodeposition include deposition of layers on surfaces for im-
provement of corrosion and wear resistance, of decoration purposes, and of thermal
and electrical conductivity. The unique property of electrodeposition is that it allows to
produce coatings with regular and non-porous structures even on complex shapes.
Copper was the ﬁrst metal ever to be electrodeposited, as it was used to plate printing
press plates as early as in 1839. Thus, a vast body of knowledge exists concerning
Cu electrodeposition on various surfaces. However, the process of Cu deposition is
far from being completely understood. Nowadays, one of the major applications of Cu
electrodeposition is the deposition of interconnects on semiconductor integrated circuits,
called chips, as it forms a very important step in the chip manufacturing. Due to the trend
of miniaturization of the electronics, the industry faces a major challenge as smaller and
smaller features, the so-called vias, need to be ﬁlled with Cuwithout forming any defects,
such as voids, that could impair the operation of the chip. Figure 1.1a shows an SEM
image of a cross section of a via, ﬁlled with Cu by electrodeposition, that has a void. To
ﬁll the vias completely without forming any voids, various substances are added to the
electroplating baths. These substances are called additives. The process of void-less
ﬁlling is called bottom-up superﬁlling, see Fig. 1.1b.
Figure 1.1: SEM images of via cross sections. Vias were electrochemically ﬁlled with cop-
per. a) A void has formed in the via. b) A via that was ﬁlled bottom-up (superﬁlling) from a
solution containing special additives. The images are reproduced with permission from [1].
Via ﬁlling with copper is only one example out of a great multitude of processes,
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where additives play a crucial role for obtaining deposits of desired properties [2]. For
most of the processes, the precise composition of the electrolyte is tuned by trial and
error. Therefore, the understanding of the action of each of the additives of the plating
electrolyte is usually missing.
1.2 Electrochemical interfaces
Figure 1.2: Schematic representation of the double-layer structure in an electrolyte solution
close to the interface with an electrode. Speciﬁcally adsorbed ions are located in the inner
Helmholtz plane (IHP), whereas solvated non-speciﬁcally adsorbed ions are found in the
outer Helmholtz plane (OHP). The speciﬁcally adsorbed ions may transfer a part of their
charge or their complete charge to the electrode [3].
At the interface between an electrode and an electrolyte, the so-called electrical
double-layer is formed. In general, it is deﬁned as a layer at the interface at which
a variation of electric potential is present. This variation is not large ( 1 V), but due
to a small width of the double-layer, electric ﬁelds of signiﬁcant strength (108 V cm–1)
develop at the interface. This large ﬁeld at an electrode/electrolyte interface is, in a
sense, the essence of electrochemistry in general and electrochemical deposition in
particular. A model of the electrical double-layer is shown in Fig. 1.2. Several layers
can be distinguished in the double-layer. The layer that is the closest to the electrode
is called the inner Helmholtz plane (IHP). In this layer, the dipoles of the polar solvent
(water) molecules feel the charge (negative or positive) of the electrode and tend to
arrange themselves in a preferred orientation, forming the so-called hydration sheath.
The ions that are present in the IHP form strong chemical bonds with the electrode
surface. These ions are said to be speciﬁcally adsorbed, i.e. with at least a component
deriving from a direct chemical interaction. Somewhat further away from the electrode,
the outer Helmholtz plane (OHP) is located. The ions in this plane keep their hydration
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shells (at least partly) and interact only weakly with the electrode via electrostatic forces.
These ions are said to be non-speciﬁcally adsorbed. The rest of the double-layer region,
containing solvated ions and solvent molecules, is called the diﬀuse layer.
In this section we will focus on several phenomena found at an electrode/electrolyte
interface, such as the adsorption of thiol molecules, metal underpotential deposition
(UPD), and metal bulk deposition, that are relevant for this thesis. For general informa-
tion on electrode/electrolyte interfaces, the reader is referred to [3, 4].
1.2.1 Thiol adsorption on metals
Thiols are organic molecule that consist of an –SH head group, an organic (alkane)
spacer, and a functional tail group. Thiols are known to adsorb very strongly on metal
surfaces due to the formation of a strong covalent bond (bond strength of up to 200
kJmole–1 on Au [5]) of the sulfur head group to metals. It has been found that upon ad-
sorption on (coinage) metal surfaces, thiols tend to spontaneously arrange themselves
in well-ordered monolayers, the so-called self-assembled monolayers (SAMs).
The strong thiol-metal bond leads to a wide potential window, in which the thiol SAMs
are stable. For example, desorption of thiols from a gold electrode can occur either via
reductive desorption at more negative potentials, where it often overlaps with the hydro-
gen evolution reaction, or via oxidative desorption at more positive potentials, which, in
the case of a gold electrode, overlaps with the gold oxidation reaction.
Gold, in general, has been the substrate of choice for various reasons not only in
electrochemical but also in the countless other studies of thiol-based SAMs. Especially
the SAMs on (111)-oriented Au electrodes (single crystals or ﬁlms deposited on mica
or quartz) have been studied the most. Recent experiments have provided indirect
and direct evidence that the gold surface undergoes signiﬁcant restructuring upon SAM
formation; the gold adatoms are either located in between two thiolate species [6] or are
found as part of a gold thiolate species, in between the molecule and the Au surface
[7].
Amongst the numerous potential applications of thiols, especially in the SAM form,
such as corrosion inhibition, surface patterning, electroanalysis etc., we would like to
point out the use of thiols as additives for electrodeposition. Thiols, depending on their
exact structure, can inﬂuence the electrodeposition process and the resulting deposit
in various, sometimes even opposite ways. For Cu interconnect metallization, bis(3-
sulfopropyl)disulﬁde (SPS) or its monomer, 3-mercapto-1-propanesulfonic (MPS), is
used as brightener and as accelerator [2]. The use of these substances in plating
solutions to promote the bottom-up ﬁll was empirically developed by IBM in 1998 [2].
However, despite the tremendous importance of the process, the exact role of SPS
(MPS) still remains controversial.
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1.2.2 Metal overpotential deposition
Overpotential deposition or bulk deposition of a metal M occurs at an electrode surface
S at potentials negative with respect to the equilibrium (Nernst) potential Eeq of the
Mz+ + ze–  M reaction (in some systems underpotential deposition may occur, see
further in the text). At potentials positive with respect to the Nernst potential, the metal
M becomes unstable and dissolves anodically. At the Nernst equilibrium potential no
net deposition or dissolution occur. The negative departure of the electrode potential
from its equilibrium potential is called overpotential.
The deposition overpotential h is directly linked to the supersaturation 4m of the M
atoms at the electrode surface. The two are related in the electrochemical environment
by the following relation [8]:
4m = zeh. (1.1)
Thus, if one would conduct electrodeposition at a constant overpotential, i.e. under
potentiostatic control, it would lead to a constant supersaturation at the electrode sur-
face. In the industrial environment, however, electrodeposition is mostly carried out at
constant deposition current, i.e. under galvanostatic control.
Three stages of metal electrodeposition can be distinguished:
1. Mass transfer, i.e. transport of metal ions from the bulk of the solution towards the
electrode surface via diﬀusion and convection.
2. Charge transfer, i.e. transition of the double-layer by the metal ions, accompanied
by the removal of the solvation shells of the ions, adsorption of the ions at the
electrode, and the electron transfer reaction to convert the ions into neutral metal
atoms.
3. Crystallization of the new phase, which proceeds via nucleation and growth.
In the following we will describe each of these stages in more details. Additionally, we
will discuss the rules that deﬁne the shape of the crystallites.
1.2.2.1 Mass transfer
The supply of metal ions to the electrode surface proceeds via diﬀusion, convection, or
electric migration. The electric migration of the metal ions, which occurs due to the inﬂu-
ence of an electric ﬁeld on the ions in the bulk of the electrolyte, is usually suppressed by
the presence of the so-called supporting electrolyte with a much higher ionic concentra-
tion than that of the metal ions. In such conditions electric migration can be neglected,
since the overall current through the solution is transferred by the supporting electrolyte.
Convection plays a very important role in industrial metal deposition as it allows to
achieve larger deposition currents, and thus higher deposition speeds, by enhancing
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the supply of ions to the electrode surface. In laboratory environments, rotating disk
electrode (RDE) setups are used to maintain a steady convective ﬂux towards the elec-
trode. Here, we will describe mass transfer via diﬀusion only, as this is the only relevant
mechanism with respect to the experiments presented in this thesis.
If the transport process in the electrolyte consists purely of diﬀusion, then the ﬂux is
given by Fick’s ﬁrst law:
j = –D¶C
¶x , (1.2)
where D is the diﬀusion constant and C is the concentration of the ions in the solution
and x is the spacial coordinate perpendicular to the surface. We would like to note
that the one-dimensional form of Fick’s ﬁrst law, as given by Eq. 1.2, is true for an
inﬁnitely large planar electrode. In general, for an electrode of a ﬁnite size the three-
dimensional form of Eq. 1.2 has to be considered. In practice, the inﬂuence of the
ﬁnite electrode size can be neglected for the disc electrodes with a diameter of a few
millimeters. To obtain the ﬂux towards the electrode surface, the concentration gradient
at x = 0 has to be considered. On the other hand, concentration is a function of time
during electrodeposition, as the ions are constantly consumed at the electrode surface.
To obtain the space and time variation of the concentration, it is necessary to solve
Fick’s second law under appropriate initial boundary conditions:
¶C
¶t = D
¶2C
¶x2
. (1.3)
In the following, we will derive equations for the electrochemical deposition current for
two cases: one for a planar electrode and one for a growing hemispherical nucleus,
under the assumption that the diﬀusion is the rate-limiting step of the electrodeposition
process. In the case of a planar electrode, Eq. 1.3 has to be solved with the following
boundary conditions:
C(x, 0) = Cb
lim
x!1C(x, t) = Cb (1.4)
C(0, t) = 0
Here Cb is the concentration in the bulk of the solution. The last boundary condition
in 1.4 means that all the ions that get in contact with the electrode surface are instan-
taneously reduced into neutral atoms. In this case one refers to the process as being
diﬀusion-limited. The solution of Fick’s second law under these boundary conditions is:
C(x, t) = Cb

xp
4Dt

. (1.5)
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Substituting Eq. 1.5 into Eq. 1.2 and taking into account the Faraday law of electrolysis1,
we obtain the following relationship for the electrochemical current density i(t), which is
known as the Cottrell equation:
i(t) = zF
p
DCbp
pt
, (1.6)
where F is the Faraday constant and z is the charge of the ions in signed units of elec-
tronic charge. Please note that we switch from the ﬂux of the ions in Eq. 1.2 to the
current density in Eq. 1.6, since it is the electrical current that is usually measured in
the electrochemical experiments. Although the Cottrell equation has been developed
for a simple redox reaction at a stationary non-changing electrode, it can be also used to
describe the electrochemical current due to electrodeposition of material onto an elec-
trode. In principle, the Cottrell equation would describe the time-dependence of the
diﬀusion-limited electrochemical deposition current in the case, where no (3D) nucle-
ation is necessary to grow the electrodeposited material. This would be the case for
deposition of material onto an electrode of the same material containing a large amount
of special defects, the so-called kink sites. In practice, the electrochemical current of
metal deposition is found to follow the Cottrell current at suﬃciently long deposition
times, i.e. after the diﬀusion zones around individual nuclei have grown into full overlap
with each other.
In the case of the diﬀusion to a hemispherical nucleus of radius rn, Fick’s second
law has to be rewritten in spherical coordinates
¶C
¶t = D
 
¶2C
¶r2
+ 2r
¶C
¶r
!
(1.7)
and solved with the following boundary conditions:
C(r, 0) = Cb , r  rn
lim
r!1C(r, t) = Cb (1.8)
C(rn, t) = 0
This problem is solved by:
C(r, t) = Cb

1 – rnr

r – rnp
4Dt

. (1.9)
Thus, the ﬂux of the ions to the nucleus surface is
j(t) = DCb

1p
Dpt
+ 1rn

. (1.10)
1The Faraday law of electrolysis states that the amount of substance produced at an electrode is
proportional to the current that is passed through it.
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The current1 at the hemispherical nucleus is then given by
I(t) = zF2prnDCb. (1.11)
On the other hand, the current of a growing hemispherical nucleus can be written as:
I(t) = zFVm
V
t = zFVm2pr
2
n
rn
t , (1.12)
where V is the volume of the nucleus and Vm is the molar volume of the material. By
combining Eqs. 1.11 and 1.12, one can calculate the time-dependence of the nucleus
radius rn(t). Then, by substituting rn(t) in Eq. 1.11 the following expression for the
current is obtained:
I(t) = zFp(2DCb)3/2V1/2m t1/2. (1.13)
Equation 1.13 is used in the derivation of various models describing the electro-
chemical current due to nucleation and growth under diﬀusion control. However, as one
might suspect, it is not completely correct for the case of a growing nucleus, as we have
assumed in Eq. 1.8 that the nucleus has a constant radius rn. However, it has been
shown that if growth of the nucleus is taken into account, i.e. a moving boundary is
considered, the resulting current is virtually identical with the one given by Eq. 1.13 for
reasonable values of Cb and Vm [9, 10].
1.2.2.2 Charge transfer
Charge transfer refers to the process, in which an ion crosses the double-layer region at
the interface between the bulk electrolyte and the electrode, becoming a neutral atom
at the surface. It is charge transfer that deﬁnes the electrochemical kinetics at the elec-
trode. One of the most fundamental relationships that describe electrode kinetics is the
Butler-Volmer equation [4]. It provides the dependence of the electrochemical current
density at an electrode on its potential:
i = i0
 
azFh
RT

–

(1 – a)zFh
RT

. (1.14)
Here h is the diﬀerence between the applied electrode potential and the equilibrium po-
tential of the reaction, i0 is the exchange current density and a is the charge transfer
coeﬃcient. The exchange current density deﬁnes the electrochemical current that ﬂows
at zero overpotential to the electrode due to the reduction of ions and from the electrode
due to the oxidation of atoms, resulting in a zero net current. The charge transfer coef-
ﬁcient is a measure of the symmetry of the standard free energy barrier of the charge
transfer reaction [4]; a = 0.5 for a symmetrical barrier.
1Throughout this thesis the current density is denoted as i, whereas the total current (integrated over
the entire surface) is denoted as I.
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Equation 1.14 assumes that all z electrons are transferred in one step during a multi-
electron transfer reaction. However, this is deﬁnitely not the case for most of the elec-
trochemical reactions, as a simultaneous multi-electron transfer is highly improbable
and the electrons are transferred in a series of one-electron steps [11]. Generally, a
multi-step electrochemical reaction involves one or more fast steps and a slow step,
which is called the rate-determining step. For example, it has has been shown that the
overall reduction of copper ions Cu2+ + 2e– ! Cu in sulfuric acid supporting electrolyte
proceeds via the following steps [12]:
Cu2+ + e– ! Cu+ slow
Cu+ + e– ! Cu fast, (1.15)
where the ﬁrst step is the rate-determining step of the reaction.
Equation 1.14 can be modiﬁed to account for a reaction, in which z total electrons
are transferred in z steps, with zf fast steps preceding n slow rate-determining steps and
followed by z – zf – n fast steps [3, 13]:
i(t) = i0

exp
zf
n
+ a
 Fh
RT

– exp

–
z – zf
n
– a
 Fh
RT

. (1.16)
To derive Eq. 1.16 it is assumed that for the forward reaction (ﬁrst term in the brack-
ets), such as the deposition, the concentration of the species that take part in the rate-
determining steps is given by the zf fast reaction steps. For the reverse reaction (second
term in the brackets), such as the dissolution, the concentration of the species for the
slow steps is obtained by performing z – zf – n fast reaction steps.
1.2.2.3 Nucleation and growth
Nucleation and growth of a new phase is a very broad subject that has been covered in
various books not only for the case of electrochemical interfaces [8, 14, 15], but also for
the phase formation in vacuum, melts, supersaturated solutions etc [16, 17]. Here we
will focus only on several basic concepts that are relevant for the matter of this thesis.
In general, the formation of a nucleus on a substrate is not an instantaneous process.
The reason for it is that there is a certain barrier in the Gibbs free energy associated
with the formation of a cluster that consist of n atoms, the so-called nucleation work:
4G(n) = –n4 m +F(n). (1.17)
If the formation of a 3D nucleus is considered, then F(n) corresponds to the surface
free energy of the nucleus. An equation similar to Eq. 1.17 can be written for the case
of 2D nucleus formation, in which F(n) would correspond to the step free energy of the
nucleus. The ﬁrst term in Eq. 1.17 is proportional to the number of atoms n, which
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deﬁnes the volume of the nucleus in the 3D nucleation case and its surface area in
the 2D case. The second term is proportional to the surface area of the 3D nucleus
( n2/3), or to the perimeter of the 2D nucleus ( n1/2). Thus, the nucleation work has
a maximum, see Fig. 1.3. This maximum corresponds to the so-called critical nucleus
size nc. The nucleus of this size is in the unstable equilibrium phase with the solution
and the attachment of more atoms would lead to an irreversible growth of the nucleus.
The size of the critical nucleus is dependent on the supersaturation (smaller nucleus
size at higher supersaturation), and thus on the overpotential.
Figure 1.3: Nucleation work as a function of the nucleus size according to the classical
(continuum) nucleation theory [14].
Equation 1.17 forms the basis for the thermodynamics of nucleation. However, it
does not say anything about the rate, at which the nuclei appear at the electrode surface.
The classical treatment of the nucleation has been developed by Becker andDöring [18].
The equation for the stationary nucleation rate is:
Jst = N0Gw exp

–4GkT

. (1.18)
Here Jst is the stationary nucleation rate, N0 is the total number of potential nucleation
sites, G is the non-equilibrium Zeldovich factor, which accounts for the deviation of the
nucleation rate from quasi equilibrium [14], and w is the rate of attachment of single
atoms to the critical nucleus.
After nucleation, the crystallites of the new phase begin to grow. If one consid-
ers growth of single faces of the crystallites, one can distinguish two mechanisms of
growth: direct attachment, in which the ions are reduced at the growth sites (kinks or
steps) directly, and surface diﬀusion, where ions are reduced everywhere on the sur-
face, become adatoms, and move towards the growth sites via diﬀusion.
1. BACKGROUND 15
In general one distinguishes three deposition modes of a metal onto a substrate of
a diﬀerent material, depending on the relationship between the free energy of the sub-
strate ss and the sum of the free energies of the deposit sd and the interface between
the deposit and the substrate si . Additionally, the misﬁt between the lattice parameters
of the substrate and the deposited metal that gives rise to strain in the deposit plays a
role. Thus, if the relationship1 si +sd < ss holds and the crystallographic misﬁt between
the substrate and the deposit is negligible, then Frank-van der Merwe (or layer-by-layer)
growth takes place, see Fig. 1.4a. If the crystallographic misﬁt is signiﬁcant, then initially
one or several monolayers of the metal are deposited. These layers are signiﬁcantly
strained. Formation and growth of unstrained 3D crystallites on top of the strained layer
becomes energetically favorable. This mode is called Stranski-Krastanov growth mode,
see Fig. 1.4b. Finally, if the condition si+sd > ss is satisﬁed, then Volmer-Weber growth
mode, or 3D island formation mode takes place, see Fig. 1.4c. During electrodeposi-
tion, if Frank-van der Merwe or Stranski-Krastanov growth modes are favored, than the
initial layer is usually (but not necessarily) deposited in the underpotential deposition
regime, see Section 1.2.3.
Figure 1.4: Diﬀerent deposition modes of a metal on a foreign substrate. a) Frank-van der
Merwe growth, or layer-by-layer growth. b) Stranski-Krastanov growth mode, resulting in 3D
island formation on top of predeposited metal overlayers (one atom to several atoms thick).
c) Volmer-Weber growth mode, or 3D island formation mode.
The rate of growth of crystallites, as well as its dependence on time, potential, con-
centration etc., depends on the rate-determining mechanism for the ions to arrive from
the bulk of the solution and to reduce to become metal ions. Thus, for the case of
diﬀusion-controlled growth of a hemispherical cluster, the electrochemical current, and
thus the growth rate, is given by Eq. 1.13. If the diﬀusion is not a problem and the metal
adatom supply is limited only by the charge-transfer kinetics, then the electrochemical
growth current of a hemispherical cluster is given by:
I(t) =
2pV2mi30
(zF )2
 
azFh
RT

–

(1 – a)zFh
RT
3
t2. (1.19)
The case of mixed diﬀusion and charge-transfer limitation will be discussed in Chapter
7.
1This and the opposite conditions are called the Bauer criterion [17].
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When the crystallites grow, the so-called diﬀusion zones develop around them. These
are the regions around the crystallites, in which the concentration of the metal ions is
reduced by diﬀusion to the crystallites, thus reducing also the supersaturation1. Thus,
nucleation of new crystallites in these zones is inhibited.
In a real experiment, one cannot easily distinguish and study all the phases of nu-
cleation and growth independently, especially not by conventional electrochemical tech-
niques. That is why several theories have been developed to account for all these pro-
cesses under diﬀerent assumptions. In the following, we will present a theory developed
by Scharifker and Hills (SH) [19], which accounts for multiple random nucleation on an
electrode with subsequent growth and overlap of the 3D diﬀusion zones around the nu-
clei. In this model, the deposition is assumed to be diﬀusion-controlled. The model
provides analytical expressions for the current vs. time dependence for two limiting
cases of nucleation: instantaneous nucleation and progressive nucleation. Instanta-
neous nucleation assumes that a ﬁxed number of nuclei N is formed in the very initial
stage of deposition, and progressive nucleation assumes that the nuclei are formed
during the whole experiment (until the whole electrode surface is covered by diﬀusion
zones) with a rate Jst = N0A, where N0 is the total number of nucleation sites and A
is the nucleation rate per site. By ﬁtting experimentally obtained chronoamperometry
curves by the model, one can obtain various parameters such as the nucleation rate or
the nucleus density.
As a starting point of the SHmodel we assume that a diﬀusion zone around a nucleus
develops in such a way that its radius d(t) is described as a function of time by the
following relation:
d(t) = (kDt)1/2, (1.20)
where k is a numerical constant, determined by the conditions of the experiment. Fur-
ther, it is assumed that at intermediate deposition times, the diﬀusion zones around
nuclei grow and overlap, preventing ﬂux of material to the nuclei from the sides of the
diﬀusion zones. In this situation one can express the ﬂux of material towards a nucleus
as linear diﬀusion towards the circular area S(t) = pkDt of a diﬀusion zone. Subse-
quently, the actual surface area of the electrode is calculated by the application of the
Avrami theorem and the total ﬂux is taken to be linear towards this area. Finally, the
constant k is determined by comparing the resulting equation with Eq. 1.13 at very
short time, since the nuclei can be considered as completely independent at this stage.
In the case of instantaneous nucleation of N nuclei one obtains the following equation
for the current density:
i(t) = zFCbD
1/2
(pt)1/2

1 –
h
–N(2p)3/2(CbVm)1/2Dt
i
. (1.21)
1Please note that these zones develop due to diﬀusion on the surface as well as diﬀusion in the
electrolyte.
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For progressive nucleation, the current density is given by:
i(t) = zFCbD
1/2
(pt)1/2

1 –

–23N0A(2p)
3/2(CbVm)1/2Dt2

. (1.22)
By setting the ﬁrst derivatives of Eqs. 1.21 and 1.22 to zero, one can derive the current
im and the time tm, corresponding to the current maximum. A commonway of comparing
experimental data with the SH model is by plotting the dimensionless coordinates i2/i2m
vs t/tm. Equations 1.21 and 1.22 in these coordinates are given by:
i2
i2m
= 1.9542t/tm (1 – [–1.2564(t/tm)])
2 , (1.23)
i2
i2m
= 1.2254t/tm

1 –
h
–2.3367(t/tm)2
i2
. (1.24)
Scharifker and Mostany (SM) have extended this model for a more general nucle-
ation law [20]:
J(t) = AN0 (–At) . (1.25)
They have also taken a somewhat diﬀerent approach for the derivation of the current
vs time relationship, initially deﬁning the constant k by equating ﬂuxes towards a hemi-
spherical cluster and a circular projection of a diﬀusion zone on the surface. The current-
time dependence of the SM model is given by:
i(t) = zFCbD
1/2
(pt)1/2
 
1 –
"
–N0(2p)3/2(CbVm)1/2D
 
t – 1 –
–At
A
!#!
. (1.26)
1.2.2.4 Shape of 3D crystallites on a foreign substrate
The equilibrium shape of a crystallite corresponds to a minimum of the total surface
free energy for a given crystallite volume. For a crystallite, supported on a substrate,
the total surface free energy F is deﬁned as [14]:
F =
X
j
sjSj + (si – ss)Si , (1.27)
where sj and Sj are the speciﬁc surface free energies and the surface areas of the crys-
tal faces in contact with the solution, si and Si are the speciﬁc interface free energy and
the surface area of the crystallite-substrate interface, and ss is the speciﬁc free energy
of the substrate1. In the case of the crystallites in an electrochemical environment, the
surface free energy of a crystal face corresponds to the free energy of the interface be-
tween the crystal face and the electrolyte. In general, this free energy is diﬀerent from
the free energy of the same crystal face in vacuum.
1The word "speciﬁc" is dropped in the further discussion.
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Figure 1.5: Cross section of the 3D surface free energy plot (solid line). The Wulﬀ con-
struction is used to determine the equilibrium shape of the crystallite (long dash). Please
note that in the present image the surface free energy plot has cusps in the points where
the plot touches the crystallite shape. This situation is only possible at T = 0K . At non-
zero temperatures, these cusps are rounded, leading to the presence of the higher-index
crystallographic planes in the equilibrium shape. The image is according to [21].
The equilibrium shape of an unsupported 3D crystallite can be constructed from the
plot of the surface free energy in spherical coordinates by applying the well-knownWulﬀ
construction [21, 22]. As an example, Fig. 1.5 shows the cross section of the 3D surface
free energy plot. To every point of the plot, a line is drawn from the origin W (Wulﬀ point).
Perpendicular to this line at its intersection with the spherical plot (or the polar plot in the
cross section as in Fig. 1.5), a line is drawn. When all the latter lines are combined, the
interior contour has the shape, which minimizes the total free energy of the crystallite
for a ﬁxed total island volume. This graphical construction is equivalent to applying the
Legendre transform to the spherical free energy plot.
A popular method to determine the ratios between the surface free energies that cor-
respond to crystal faces of diﬀerent orientations is to apply the inverseWulﬀ construction
to the images of the crystallites. One deﬁnes the Wulﬀ point as the center of mass of
a crystallite, and then applies the Wulﬀ construction in reverse order to obtain the step
free energy plot to within a constant sale factor. This method results in the following set
of equations for diﬀerent crystal faces j:
sj
hj
= K , (1.28)
which states that the surface free energy of a crystal face is proportional to the shortest
distance from the face to the center of the equilibrium shape (the so-called Wulﬀ point)
hj , with the proportionality constant K being the same for diﬀerent faces. Kaischew has
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generalized the Wulﬀ rule for the crystallites that are supported on a foreign substrate
by deﬁning the following relation for the substrate-crystallite interface (in addition to Eq.
1.28) [8]:
sk – b
h*k
= K . (1.29)
Here b is the so-called adhesion free energy, which is deﬁned as b = sk +ss –si , where
sk is the free energy of crystallite face in contact with the solution; h*k is the shortest
distance from the Wulﬀ point to the interface.
In general, the shape of a crystallite during growth diﬀers from that of the equilibrium
shape. The growth shape is determined by the growth rates of the various facets rather
than by their free energies. It is possible to derive an analogue of the Wulﬀ rule valid for
the shape of the growing crystal [15].
1.2.3 Metal underpotential deposition
Underpotential deposition (UPD) is a self-terminating electrochemical deposition pro-
cess that occurs at potentials positive1 of the reversible Nernst potentials in an elec-
trolyte that contains ions of a diﬀerent material than the material of the electrode. UPD
results in the formation of a thin deposit, which can be between a submonolayer amount
and a small number of monolayers, depending on the details of the system [23]. UPD
is mostly observed in systems containing a metal electrode and a solution with ions of a
diﬀerent metal, however UPD on semiconductor surfaces [24] and UPD of non-metals
[25] has also been reported. UPD processes attracted a lot of attention since they form
model systems for studying adatom-adatom, adatom-substrate, and adatom-solution
interactions.
In general, underpotential deposition occurs if the Bauer criterion ss > si,s/m +sUPD
is satisﬁed, where si s/m is the free energy of the interface between the M layer and the
substrate and sUPD is the free energy of the interface between the metal UPD layer and
the solution. In the electrochemical literature the reason for the formation of a UPD layer
is sometimes attributed to the stronger interaction energy between the substrate S and
the metal to be deposited M than the M-M interaction energy, see e.g. [8]. It has been
shown however that this is not always the case, as the anions that are usually present
in the electrolyte can also aﬀect the UPD. Since the adsorption of the anions changes
the surface free energy of the electrode, it would be more correct to write the condition
of the UPD layer formation in the presence of anions in the form of the Bauer criterion2
ss > si s/m + si m/a + s*UPD, where si m/a is the free energy of the interface between
the M layer and the layer of co-adsorbed anions and s*UPD is the free energy of the
1We assume the deposition of positive ions, such as Cu2+.
2Please note that this criterion is true if the M atoms and the co-adsorbed anions form a bi-layer.
However, in some systems a mixed monolayer is formed, for which this criterion has to be modiﬁed.
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interface between the anion adlayer on the UPD layer and the solution. Thus, the anions
can not only inﬂuence the structure of the UPD layer, but they can also promote UPD in
systems where otherwise UPD would be impossible. For example, for the Cu deposition
on Au(111) it has been found that the UPD is energetically unfavorable. However, due
to the presence of the anions in the solution and their co-adsorption during the UPD,
the process becomes energetically favorable and is observed experimentally [26].
1.3 Electrochemical techniques
The electrochemical experiments, presented in this thesis, were performed under po-
tential control. For that a three-electrode cell was used. A three electrode cell consists
of a working electrode (WE), i.e. the electrode of interest, a reference electrode (RE),
which has a constant potential in a given solution and is used to measure the relative
potential of the WE, and a counter electrode (CE), which supplies the current for the
electrochemical reactions as well as double-layer charging to take place at the WE. The
electrodes are connected to a device called potentiostat, which allows one to control the
potential of the WE and measure the current ﬂowing through the WE. We will describe
two measurement techniques that can be carried out with a potentiostat.
1.3.1 Cyclic voltammetry
In cyclic voltammetry, the potential of the WE is varied linearly in time in a certain poten-
tial interval in a cyclic manner. During this variation of the potential, the electrochemical
current through the WE is measured. In this experiment, it is customary to record the
current as a function of potential, resulting in plots called cyclic voltammograms (CVs).
There are two contributions to the current in a CV due to the non-Faradaic and Faradaic
processes. The non-Faradaic processes do not result in the electrochemical reactions
at the WE and only lead to the (re)charging of the double-layer. In a simple approxima-
tion, the double-layer can be represented as a parallel plate capacitor with a capacitance
Cd . Thus, the charging current during a potential sweep can be represented as follows:
Ich = Cdw, (1.30)
where w represents the potential sweep rate in V s–1.
The Faradaic processes are reactions that occur at the electrode surface and result
in a charge transfer across the electric double-layer. Some examples of the Faradaic
processes are metal deposition and ion adsorption. Please note that in a CV positive
currents correspond to oxidation reactions (i. e. the electrode surface is accepting elec-
trons) and negative currents correspond to reduction reactions (the surface is providing
electrons).
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Figure 1.6: Cyclic voltammogram of Au(111) electrode in a 0.1 M HClO4 solution. The scan
rate is 5 mV s–1. The image is reproduced with permission of [27].
As an example, ﬁgure 1.6 shows a CV of a Au(111) single crystal electrode in a
0.1 M HClO4 solution. The positive peaks at 1.31 V, 1.38 V, and 1.55 V correspond to
diﬀerent stages of the formation of a gold surface oxide layer [28, 29]. The negative
peak at 1.17 V is due to the reduction of the Au oxide layer. It has been shown that
the peaks at 1.31 V and 1.38 V do not result in morphological changes of the Au(111)
surface, whereas the oxidation peak at 1.55 V leads to the formation of a stressed oxide
layer, which, upon reduction, leads to the formation of monatomic deep holes as well
as monatomic high islands on the surface [30]. In the potential region between 0 V and
1.25 V (almost) no Faradaic processes take place. This potential region is called the
double-layer region, as the potential change in this region results only in the double-layer
(re)charging.
1.3.2 Chronoamperometry
Chronoamperometry (CA) is an electrochemical technique that is suited for the study of
the kinetics of reactions, occurring at the WE. In this technique, the potential of the WE
is changed in a stepwise manner and the current response of the system is measured
as a function of time. Usually, the potential is stepped from a value, where the reaction
of interest does not take place, to a potential, at which the reaction occurs. Again,
both Faradaic and non-Faradaic processes may contribute to the current response of a
system. The density of the non-Faradaic current that ﬂows due to the (re)charge of the
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double-layer is given by the following relationship:
Ich(t) =
4E
R exp

–t
RCd

, (1.31)
where 4E is the amplitude of the potential step and R is the electrolyte resistance. A
typical time constant of the current variation due to the double-layer charging is RCd 
10 ms. After this time, the current ﬂows mainly due to the Faradaic processes. A
detailed analysis of the current evolution with time for diﬀerent potential steps can yield
kinetic insights into these processes.
Figure 1.7 shows and example of a CA curve corresponding to Cu UPD layer strip-
ping from a Au(111) surface. The non-uniform time dependence of the current vs. time
contains information about the kinetics of the layer dissolution. It can be analyzed using
the SH model modiﬁed for the case of 2D nucleation and growth of vacancy islands in
the Cu UPD layer [31].
Figure 1.7: Chronoamperometry measurement of Cu UPD layer stripping from Au(111).
The solution consists of 0.1M H2SO4, 1mM HCl, and 10mM CuSO4. The potential was
stepped from 100mV to 400mV vs a Cu/Cu2+ quasi-reference electrode.
CA is especially suitable for studying electrochemical deposition processes, as the
deposition at constant overpotential corresponds to constant supersaturation at the
electrode surface1.
1This is true if the concentration of the ions at the electrode is kept constant.
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1.4 Vibrational spectroscopy
The spectroscopic techniques, Fourier transform infrared spectroscopy and surface en-
hanced Raman spectroscopy, described in this section, are based on probing molecular
vibrations of the molecules adsorbed on a surface. Both techniques are based on the
fact that molecules possess discrete levels of vibrational energy corresponding to diﬀer-
ent vibrational modes of the atoms. If a molecule is hit by a photon that has the same
energy as the separation between two levels, the photon might be adsorbed. On the
other hand, a molecule in an excited state may relax into a lower state by emitting a
photon with the characteristic energy. Molecular vibration levels are found in the energy
range that correspond to infra-red light. Thus, by studying the response of a sample to
infrared radiation (either by studying adsorption or emission), one can identify molecules
present at the electrode surface.
1.4.1 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) is based on the adsorption of photons
with the same energy as the energy gap between two vibrational levels of a molecule.
In order to be able to adsorb a photon, the transition has to produce a change in the
dipole moment. Thus, FTIR is sensitive towards polar bonds.
In a typical FTIR experiment, infrared light from a broadband source is shone onto
an electrode and the intensity of the reﬂected light is analyzed. In this geometry one
is sensitive only to the vibration modes of adsorbed molecules that are perpendicular
to the surface. The modes that are parallel to the surface induce image dipoles in the
electrode that are oriented in the opposite direction. Thus, the molecular dipole and the
image dipole cancel each other, making such modes "invisible" with FTIR.
The "Fourier transform" in the FTIR stands for the method, with which the spectra
are acquired. Instead of measuring the light intensity in a narrow range of wavelengths
at a time, data is simultaneously collected in a wide spectral range. This raw data is
then Fourier transformed to provide the actual spectrum.
1.4.2 Surface enhanced Raman spectroscopy
In surface enhanced Raman spectroscopy (SERS), monochromatic light of higher en-
ergy than the vibrational energy (visible light) is shone on the molecules. Most of this
light is scattered elastically by the molecules, i.e. without the change of the photon en-
ergy (Rayleigh scattering). However, some of the light will scatter inelastically, resulting
in photons of a diﬀerent energy than the incident light (Stokes scattering). This energy
is dependent on the vibrational modes of the bonds in the molecules. This process is
the Raman eﬀect. The Raman eﬀect will produce light with discrete energy diﬀerences
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relative to the energy of the incident light, which correspond to quanta of the vibrational
normal modes of the molecule.
Since the probability of inelastic scattering is very small, the intensity of the Raman
signal is weak and diﬃcult to measure. To amplify the Raman signal, surface enhanced
Raman scattering is employed, which provides an increase of the intensity by a factor
of  106. The surface enhancement occurs due to two eﬀects: electromagnetic and
chemical. The electromagnetic enhancement eﬀect arises due to excitation of plasmons
perpendicular to the surface by the incident light. Electrochemically roughened surfaces
provide a lot of spots on the surface, where such plasmons can be excited and coupled
to the molecules adsorbed on the surface. The chemical eﬀect involves charge transfer
between the chemisorbed species and the metal surface.
In principle, a similar selection rule for the vibrational modes parallel and perpendic-
ular to the surface, as in the case of FTIR, can be applied to SERS. However, since the
substrates that are used for SERS are roughened, the same molecular dipole may be
parallel to some parts of the surface, but not parallel to the other parts. Thus, several
image dipoles can contribute to the resulting scattered light intensity, removing (or at
least weakening) this selection rule [32]. Additional selection rules might be also active,
which are dependent on the nature of the surface enhancement mechanism [33].
In general, SERS has a lower sensitivity than FTIR. However, it provides several
advantages. Firstly, SERS is more sensitive to backbone structures and symmetric
bonds, which are (almost) not detectable with FTIR. Secondly, excitation in SERS is
done in the visible light range, which simpliﬁes the geometry of the electrochemical cell
and allows accessing vibration levels at wavenumbers below 900 cm–1. Accessing this
wavenumber range with FTIR is very diﬃcult as most of the materials that can be used
for optical windows adsorb in this range. This wavenumber range is especially inter-
esting, as the metal-adsorbate vibration frequencies (metal-chloride, metal-sulfur, etc.)
are found in this range. Thus, FTIR and SERS can be viewed as complementary tech-
niques that provide additional information about the vibrational structure of adsorbed
molecules than can be obtained by using either alone.
1.5 Scanning tunneling microscopy
Since its invention by Binnig and Rohrer in 1981 [34], scanning tunneling microscopy
(STM) has been the technique of choice for direct imaging of conducting surfaces at
various conditions, as it provides superb spatial resolution. Also, STM measurements
can be conducted in various environments, such as in vacuum, air, gas, and liquid.
In an STM experiment, a sharp metallic tip and a conducting surface are brought to
within a distance of a few Ångströms from each other. A bias voltage, applied between
the tip and the sample causes a current to ﬂow. This current, which also ﬂows in the
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absence of a direct contact between the sample and the tip, arises due to a quantum-
mechanical eﬀect called tunneling. The imaging of the surface1 is done by scanning the
tip along the surface while keeping the tunneling current constant by performing feed-
back on it. The required adjustment in the tip-surface separation, to keep the tunneling
current constant, reﬂects the height variations due to the morphology and the electronic
states of the surface. The variations of the tip-sample separation as well as the longi-
tudinal motion are accomplished by means of sensitive piezo-electric materials. Since
the tunneling current depends exponentially on the distance between the tip and the
surface, very high height resolution of the sample can be achieved. This makes STM
capable of resolving single atoms on surfaces.
1.5.1 STM in electrochemical environment
During the use of STM in an electrochemical environment both the tip and the sample
have to be immersed into an electrolyte. Since both the tip and the sample are conduct-
ing, they act as electrodes. In general, one would like to control the electrochemical
potential of the tip and the sample independently, such that one could trigger reactions
of interest on the sample and exclude unwanted reactions on the tip by choosing a
proper potential. Reactions that take place at the tip could lead to changes of its shape,
making the tip less sharp and unstable, and, in addition, could also result in electro-
chemical currents that are much larger than the tunneling current making the imaging
of the surface impossible. To achieve independent potential control of the tip and the
sample, a reference electrode and a counter electrode are added to the system and all
electrodes are connected to a bi-potentiostat. The bi-potentiostat operates as a con-
ventional potentiostat, but allows one to control the potentials of two electrodes, that is
of the tip and the sample, independently, see Fig. 1.8.
However, in most of the electrochemical systems, connecting an STM to a
bi-potentiostat is not enough to obtain a tunneling current clean of noise and interfer-
ence. The reason for that is the relatively large surface area of the tip that is in contact
with the electrolyte. In many electrochemical systems and for most tip materials, it is
impossible to ﬁnd a potential, where absolutely no Faradaic processes occur at the tip.
These processes would lead to an electrochemical current ﬂowing through the tip. This
current is proportional to the surface area of the tip that is in contact with the solution.
But also if such a potential could be found for a particular system, a double-layer would
form at the tip/electrolyte interface. The total capacitance of the double-layer is also
proportional to the contact surface area of the tip and the electrolyte. The electrolyte is
a conductor that can also act as an antenna. Thus, a large double-layer capacitance
1This measurement mode is called the constant current mode. This mode has been used in the
measurements, presented in the thesis.
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would result in a better coupling for the low frequency signals (50 Hz) from the elec-
trolyte to the tip. Also, slight variations in the capacitance of the double-layer would
lead to large charging currents. Moreover, the high double-layer capacitance at the tip
can greatly increase the high frequency noise of the sensitive tunneling current ampli-
ﬁer due to an increase of the capacitance at its input. Thus, it is necessary to isolate
most of the surface area of the tip, leaving only the very apex exposed. This is gener-
ally accomplished by various tip coating procedures using diﬀerent coating materials,
such as polyethylene, Appiezon wax, electrophoretic paint, and even nail polish [35]. A
description of the tip coating that we used can be found in Appendix A.
Figure 1.8: A schematic image of the electrochemical STM. Potentials between the tip and
the reference electrode (Utip) and the sample and the reference electrode (Usample) are
controlled independently via a bi-potentiostat. Except for its apex, the tip is coated with an
insulating ﬁlm in order to minimize Faradaic currents and capacitive coupling to the solution.
Double-layers around the tip and the sample are represented by the gray areas. In the
vicinity of the area, where tunneling occurs, double-layers may overlap. Also, the lateral
extent of the tip may inhibit diﬀusion of ions towards the area being imaged. WE, RE, and
CE represent the working electrode, the reference electrode, and the counter electrode
respectively.
In general, STM is considered a non-intrusive technique that does not inﬂuence the
surface being imaged. However, in an electrochemical environment the inﬂuence of the
STM tip on the surface underneath it could be substantial. Two diﬀerent mechanisms
of the possible tip inﬂuence are shown in Fig. 1.8. Although a good STM tip has an
apex diameter of only a few nanometers, its shape is usually conical. This leads to a
signiﬁcant lateral extent of the tip in the vicinity of the sample surface that is imaged.
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During an electrochemical reaction, where substantial mass transport is involved, the
vicinity of the tip could impair diﬀusion of ions to/from the electrode surface. This is in
particular true, as the tip is positioned at a close distance from the sample in order to get
into tunneling regime. In liquid, this distance is somewhat larger than in vacuum, since
the tunneling barrier is lower1. On the other hand, the typical width of the double-layer
region around an electrode is of the same order of magnitude. Thus, the double-layers of
the tip and the sample may overlap around the position where imaging is done, resulting
in a local deviation of the electrochemical potential. These tip eﬀects have to be taken
into account when performing STM experiments in electrochemical environment.
1The tunneling barrier is typically 1 eV in liquid vs  5 eV in vacuum [36].
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Chapter 2
Design of a high-speed EC-STM
This chapter presents a bottom-up approach to designing and constructing a high-speed
electrochemical scanning tunneling microscope (EC-STM). Using ﬁnite element analy-
sis (FEA) calculations, we analyzed several geometries to ﬁnd the most stable one that
could facilitate fast scanning. To test the FEA results, we conducted measurements of
the vibration amplitudes using a prototype STM setup. Based on the FEA analysis and
the measurement results, we identiﬁed the potentially most disturbing vibration modes
that could impair fast scanning. By modifying the design of some parts of the EC-STM,
we reduced the amplitudes as well as increased the resonance frequencies of these
modes. Additionally, we designed and constructed an electrochemical ﬂow-cell that
allows STM imaging in a ﬂowing electrolyte, and built a bi-potentiostat to achieve elec-
trochemical potential control during themeasurements. Finally, we present STM images
acquired during high-speed imaging in air as well as in an electrochemical environment
using our newly-developed EC-STM.
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2.1 Introduction
Since the invention of the scanning tunneling microscope (STM) and the atomic force
microscope (AFM), these instruments have been applied at extremely diﬀerent condi-
tions to characterize processes occurring at interfaces. The imaging of surfaces by
these instruments, called scanning probe microscopes (SPMs), is done by raster scan-
ning the surface with an atomically sharp probe. This probe can be either a conductive
tip for STM or a (usually) non-conductive tip for AFM. The probe is moved along the sur-
face and a signal in form of a tunneling current for STM or a deﬂection for contact-mode
AFM is measured. This signal contains information about the surface structure. The
scanning motion is mostly done by piezo elements in form of a tube or a stack. This
allows for a positioning precision of the probe at a sub-atomic level. It has been recently
shown that micro-electro mechanical systems (MEMS) can be also used for scanning
[37–39].
SPM techniques were used at temperatures ranging from sub-Kelvin [40] to high
temperatures above 1000 K [41] and at pressures going from UHV to several bars [42].
Shortly after its invention, SPM was also applied to look at solid-liquid interfaces [43]. In
particular, electrochemical STM (EC-STM) has been used to observe diﬀerent adsorp-
tion and deposition phenomena occurring in electrolyte under potential control [23, 44].
One of the limitations of the conventional SPMs is their rather slow imaging speed. It
takes several seconds to several minutes to acquire an STM image with a conventional
instrument. These speeds are enough for imaging static structures or very slow dynam-
ics, such as those observed at low temperatures. However, many processes happen at
much higher rates. For example, if one would look at the industrially relevant thin ﬁlm
vacuum deposition processes, which occur at rates of about 1 monatomic layer (ML)
per second, then at least an image acquisition rate of 2 images/s is desirable. Such an
instrument has been developed recently [45].
For processes in electrochemical environments faster image acquisition rates are
desirable as well. For example, a chronoamperometry curve of Cu underpotential de-
position (UPD) layer stripping from a Au(111) single crystal surface was presented in
Fig. 1.7 in the previous chapter. This measurement was conducted in an electrolyte con-
taining 0.1M H2SO4, 1mM HCl, and 10mM CuSO4. To acquire this curve, the sample
potential was changed in a stepwise manner from a value, where a Cu UPD layer is
stable, to a value, at which no Cu deposit on the surface exists. During this change,
the current ﬂowing through the sample is monitored as a function of time. The shape
of the curve suggests that the stripping of the Cu UPD layer proceeds via a nucleation
and growth mechanism [31]. This results in a current peak at 0.065 seconds. From
the transient, one can see that one would need an acquisition speed of 20 images/s
in order to be able to observe the nucleation and growth involved. To our knowledge,
only one EC-STM exists that can achieve such scanning speeds [46]. However, that
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instrument has its limitations. At high speeds it can only operate in the constant height
mode, which allows scanning only on atomically smooth surfaces. Thus larger surface
areas with several atomic steps are, to our knowledge, not accessible by that instrument
at high scanning speeds.
In recent years much progress has been made in development of high-speed SPMs
[47, 48]. One reason for this is that fast data acquisition and processing systems, high
gain high bandwidth tunneling current preampliﬁers, and high speed feedback electron-
ics have become available [49, 50]. However, not every SPM can be equipped with fast
electronics to allow for fast scanning. The reason for that are mechanical resonances of
diﬀerent SPM components, which are in the mechanical loop that mechanically couple
the tip with the sample. These resonances usually occur at frequencies ranging from
several hundreds of hertz to several kilohertz. Even if the scanning motion frequency is
much lower than one of the mechanical resonance frequencies, the resonance may be
excited, since scanning is commonly done with a triangular waveform [49]. This could
lead to the loss of imaging quality and in the worst case result in a severe damage
of the scanning probe or the sample. Thus, for making a fast SPM, it is important to
optimize the mechanical loop such that the mechanical resonances would either occur
at higher frequencies or the vibration amplitudes at the resonances would be below a
certain threshold.
It has been demonstrated that ﬁnite element analysis (FEA) calculations can be suc-
cessfully applied for calculation and optimization of mechanical resonances of an SPM,
see e.g. [45, 49, 51–54]. So far FEA has been used for the determination of vibration
eigenfrequencies of diﬀerent mechanical components of a microscope. However, a me-
chanical resonance of a part of the mechanical loop may not always have a signiﬁcant
eﬀect on the imaging quality. For example, for obtaining atomic resolution one would like
the mechanical loop to be stable at the range of 10–11 m. If a mechanical resonance is
excited and its amplitude is larger or comparable with this range, it will lead to the loss of
imaging quality. On the other hand, if the amplitude of the resonance is lower than that
value, e.g. 10–12 m, no signiﬁcant distortion will be introduced into the measurements.
For obtaining the information of relative displacement of the scanning probe and the
sample surface, eigenfrequency calculations are not suﬃcient. For that a simulation of
the whole mechanical loop at diﬀerent scanning frequencies is required. However, the
reports on calculations of the frequency response of the complete mechanical loop are
limited [45, 54, 55].
In this chapter we describe a bottom-up approach of constructing a fast scan-speed
EC-STM by implementing FEA calculations of the whole mechanical loop during the
scanning motion of the piezo element. Based on the primary results of the calculations
we manufactured a prototype STM. We characterized the vibrational response of the
prototype setup using an optical vibrometer with sub-ångström resolution. Based on
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these results we optimized the FEA model and manufactured the real, ﬁnal STM. We
show ﬁrst results measured with our EC-STM, which have met our expectations from
the FEA simulations.
2.2 Construction of the STM
2.2.1 General design considerations
2.2.1.1 Coarse approach mechanism
To conduct STM measurements, a conducting tip has to be brought stable to a distance
of < 10–9m from the sample. This can be achieved by a piezo tube, which is also used
for the scanning motion. However, piezo tubes have in general only a very limited ex-
tension distance, ranging from several hundreds of nanometers to tens of micrometers.
This means that the tip ﬁrst has to be brought close to the surface at a distance within
the piezo range. This process is called coarse approach. Many diﬀerent types of coarse
approach mechanisms have been proposed and employed in diﬀerent STM designs. It
is important to realize that the coarse approach mechanism is usually part of the me-
chanical loop of an STM. Thus choosing the optimal coarse approach is crucial for the
high-speed performance of an STM. In fact, our FEA calculations as well as calcula-
tions by other group members showed that the coarse approach is very often the most
susceptible part of the mechanical loop [45, 54].
The coarse approach mechanisms can be divided into two groups: those containing
piezo elements (either tubes or stacks), and those consisting of an electrical motor
and screws and/or ﬂexible hinges. If one looks at material properties of diﬀerent piezo
materials and compares them with the material properties of e.g. stainless steel, it is
obvious that a system containing no piezo elements in the mechanical loop would be the
stiﬀest one. Such a choice will have higher resonance frequencies. Thus for our design
we have decided to use micrometer screws coupled to stepper motors as the coarse
approach mechanism. In fact, using ﬂexible hinges could be even more advantageous
for the mechanical stability, but their limited range is a disadvantage.
2.2.1.2 Geometry
Based on our choice of the coarse approach mechanism we have considered two pos-
sible basic geometries. The ﬁrst geometry, which we call the "standing head", corre-
sponds to the scanner head resting on the micrometer screws of the coarse approach.
The screws are rigidly attached to the base of the microscope. The sample is located
on the base and the base can be attached to a bulk mass of an STM holder or hous-
ing. Thus it can be assumed as stationary in further FEA simulations. This geometry is
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Figure 2.1: Models of two geometries considered for the STM: (a) the "standing head" and
(b) the "hanging sample". The part that is rigidly clamped in a holder is imaged in blue.
shown in Fig.2.1a. We call the second geometry the "hanging sample". In this geome-
try the base plate, on which the sample is located, is hanging on the coarse approach
screws. The screws are mounted into the scanner head and the latter is mounted into
a rigid holder. This geometry is presented in Fig. 2.1b.
Both geometries have been tested using FEA calculations for resonance frequencies
as well as for the frequency-dependent response of the tip-sample displacement1, see
Fig. 2.2. In general, FEA calculations of the hanging sample geometry showed a much
better result. Firstly, the frequency of the ﬁrst resonance was much higher, as compared
to the standing head geometry. Secondly, the amplitude at the ﬁrst resonance was
several orders of magnitude lower2. In addition, in the hanging sample geometry the
ﬁrst resonance corresponds not to the bending mode of the screws, but to the bending of
the sample plate. Thus the resonance frequency of this mode could be easily increased
and also the response could be lowered by changing the geometry of the sample plate,
making it reinforced by perpendicular blades, see Section 2.2.3.
1Please note that the tip-sample displacement is deﬁned as the displacement of the tip relative to
sample minus the calculated non-resonant displacement of the tip. Using this deﬁnition, the relative
displacement is zero if no resonances occur, as we can neglect the non-resonant deformation of the
mechanical loop in response to the scanning motion.
2We used the same values for damping in all calculations. We modeled damping by using a
frequency-independent loss factor, which is equal to one over the quality factor, of 10–5 for the metal-
lic parts and 10–2 for the piezo tube [45, 54, 56].
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Figure 2.2: Simulated frequency response of the relative tip-sample displacement, calcu-
lated using FEA, of the two geometries on the piezo tube motion at diﬀerent frequencies.
The "standing head" geometry is represented by the black line and the "hanging sample"
geometry is represented by the red line. In these simulations the piezo was excited with a
sine waveform in the x-direction with a peak-to-peak amplitude of 51 V. This corresponds
to a scan distance of 180 nm at the end of the tip holder capillary. For a usual tip length
of  8 mm, the scan distance would be  380 nm. The relative displacement amplitudes
minus the non-resonant displacement of the tip in the x-direction (a) and the z-direction (b)
are plotted. The x-direction is along the scan direction and the z-direction is perpendicular
to the scan plane.
For the standing head geometry we have found that by increasing the mass of the
scanner head, the resonance frequencies of the ﬁrst two modes of the system are re-
duced, see Fig. 2.3. Also, the displacement amplitude at the resonances decreases
with the increasing mass. The reason is that, on one hand, increasing the mass of
the head increases its inertia thus making it less susceptible to the piezo motion. On
the other hand, the ﬁrst and the second resonance modes of this geometry are the
bending modes of the coarse approach screws. Thus an increase of the mass leads
to a decrease of the resonance frequencies of these modes. By optimizing the mass
and the geometry, one could ﬁnd a value, which would give an optimal response both
oﬀ-resonance and at the resonance. Based on our calculations, we estimate that this
optimum would still not outperform the hanging sample geometry. We did not conduct
such an optimization.
Based on these FEA calculations we can conclude that the hanging sample geom-
etry is generally more suitable for fast-speed STM, showing higher resonance frequen-
cies and lower response at resonances as the standing head geometry.
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Figure 2.3: Dependence of the resonance frequency (a) and the displacement amplitude
at resonance (b) of the scanner in the "standing head" geometry on the material density of
the scanner and thus its mass. The red curve represents the vibration mode with the lowest
resonance frequency and the blue curve represents the second lowest mode. The black
curve corresponds to the piezo tube resonance. The corresponding modes of the geometry
are graphically presented in (c) and (d).
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2.2.2 Prototype setup
For testing the validity of the FEA calculations we constructed a prototype STM setup as
shown in Fig. 2.4. Based on our FEA calculations result, we used the "hanging sample"
geometry. The scanner head of the prototype setup is made of aluminum. A piezo
tube made of EBL#2 material is glued in the center [57]. The length (L) of the tube is
12.7 mm, the outer diameter (OD) is 6.35 mm, the inner diameter (ID) is 4.83 mm. The
four outer electrodes of the tube and the inner one are contacted by wires, which are
attached to connectors on the top side of the scanner head. A boron nitride tip holder
with two discs made of tantalum foil and a stainless steel capillary are glued to the piezo
tube. The capillary of the tip holder sticks out  3 mm above the boron nitride ceramics
assembly. A wire is glued to the lower tantalum shield. A coax cable is glued such that
the inner wire is connected to the steel capillary and the shield is glued to the upper
tantalum shield. The piezo tube is coated with a polyurethane coating [58] to protect
it from moisture and to make it suitable for electrochemical measurements. The same
conﬁguration of the piezo tube and the tip holder was afterwards assembled for the ﬁnal
version of the fast EC-STM (see below). Three brass bushings are rigidly pressed into
the scanner head. Micrometer screws with ball-shaped tips [59] are inserted into the
bushings. The sample plate is also made of aluminum. Four ﬂat springs are attached
to the plate for mounting a liquid cell onto it. Three v-shaped grooves are cut into the
plate. The sample plate is attached to the scanner head by placing the micrometer
screws into the groves and pulling the plate to the head by three springs. To rigidly
ﬁx the test setup, a massive holder made of aluminum is used. The scanner head is
inserted into the holder and clamped by ﬁxing screws.
The prototype setup was used tomeasure themechanical response at diﬀerent spots
of the sample plate and the sample to the vibrations excited by the piezo motion. For
the vibration measurements an optical vibrometer was used [60]. The piezo tube was
excited by a sine wave with a 51V peak-peak amplitude. The frequency was changed
stepwise and at every excitation frequency the displacement amplitude was measured
using a lock-in type of measurement. For the measurements the internal oscillator of
the spectrum analyzer (Agilent 4395B) was used as the sine waveform source. The
signal was ampliﬁed by the piezo drivers (LPM) and supplied to the electrodes of the
piezo tube. The mechanical displacement of the microscope was measured using an
optical vibrometer. The output of the vibrometer was fed to the input of the spectrum
analyzer.
For calibration purposes and to check the validity of FEA model of the piezo tube, we
measured the mechanical response on the STM tip holder. The comparison between
themeasurements and the calculation is shown in Fig. 2.5. The calculated displacement
amplitude matches well with the measured displacement both oﬀ the resonance and at
the resonance frequency. The resonance peak at 9853Hz in the measurement appears
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Figure 2.4: Photo of the prototype STM. The components are: (1) scanner head; (2) sample
plate; (3) STM holder; (4) micrometere screws and springs; (5) piezo tube with the tip holder;
(6) connectors for the electrodes on the piezo tube; (7) ﬂow cell, mounted on the sample
plate.
Figure 2.5: Measured (black line) and calculated (red line) frequency response of the EBL#2
piezo tube (6.35 mm OD, 4.83 mm ID, 12.7 mm L) with the tip holder. The displacement is
measured and calculated at the end of a capillary that sticks 3 mm above the ceramic tip
holder. The piezo tube was excited with a 51 V peak-peak amplitude sine waveform.
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at slightly lower frequency as compared to the calculation. The calculated resonance is
located at 11014Hz. This diﬀerence can be explained by the imperfections of the piezo
material and also by a slightly diﬀerent geometry and mass of the real STM tip holder
as compared to the model.
Figure 2.6: Frequency response of the prototype STM on the vibrations excited by the
piezo motion: comparison between the laser vibrometer measurements (black lines) and
the FEA calculations (red lines). In (a) and (c) the piezo is excited in the x-direction and
the displacement is measured at the sample position and at the edge of the sample plate
in the same direction. In (b) and (d) the excitation and the measurement are done in the z-
direction. The piezo tube was excited with a 51 V peak-peak amplitude in the measurements
as well as in the calculations.
Next, the displacement amplitudes at diﬀerent parts of the prototype STM were mea-
sured as a function of the piezo excitation frequency. Figures 2.6a and 2.6b show a
comparison between the measured and the calculated displacement amplitudes at the
sample along the X-axis and the Z-axis respectively. In Fig 2.6c and 2.6d, measure-
2. DESIGN OF A HIGH-SPEED EC-STM 39
ments and calculations at the edge of the sample plate are presented. Two resonances
can be seen in the measurements that could signiﬁcantly inﬂuence the scanning with
the STM and lead to the loss of imaging quality and that do not correspond to the piezo
tube resonance around 10 kHz. These are the peaks around 2.6 kHz and 7.5 kHz. The
amplitudes of the other resonance peaks are very small ( 0.1 – 0.2 nm, so that these
resonances will not distort the STM imaging.
Although the calculated amplitudes at resonances are of the same order of magni-
tude as the measured values, the agreement between the positions of the measured
and the calculated peaks is rather inferior. However, by a thorough analysis of the mea-
surement results, presented in Fig. 2.6 with the corresponding calculations we could
identify the mode associated with the peak at 7.5 kHz. This peak corresponds to the
bending vibration mode of the sample plate. This mode is shown in Fig. 2.7. The peak
at 2.6 kHz was impossible to identify with the simulations of the prototype scanner only.
By modeling both the holder of the prototype setup and the scanner, we have found that
several modes associated with the bending of the holder are located between 2 kHz and
4 kHz. Thus, we associate the peak at 2.6 kHz with the holder of the test STM.
Figure 2.7: Schematic representation of the bending vibration mode of the sample plate,
resulting in a resonance at about 7.5 kHz.
The reason for the discrepancy between the measurements and the calculations
can be due to several factors. Firstly, somewhat lower measured resonance frequen-
cies and lower amplitudes at resonances as compared to the calculated ones can be
explained by the imperfections of the material of the prototype STM and by the damp-
ing in the real material. In fact, in the calculations a constant, frequency-independent
loss factor has been used to account for material damping. It is known that this is a
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rather rough approximation. In a sense, the calculated results can be viewed as the
worst case scenario in terms of the amplitude values at resonances. Secondly, there
are some simpliﬁcations used in the model as compared to the real setup that could
inﬂuence the results of the calculations. For example, the micrometer screws are as-
sumed to be rigidly mounted into the scanner head. In reality, the screws are sitting in
the corresponding brass bushings, which alters the mechanical contact as compared to
the model. Also, the contacts between the hemispherical tips of the micrometer screws
and the sample plate are modeled as ﬁxed point contacts in the calculations. In the
real setup this contact area has certain lateral dimensions and is free to rotate or move
along the slits in the sample holder, which leads to a better mechanical contact that could
inﬂuence the mechanical transfer function from the piezo tube to the sample plate.
From the characterization of the prototype STM we conclude that the geometry be-
haves satisfactorily up to the resonance frequency of the piezo tube. The bending mode
of the sample plate is the only vibrational mode below the piezo tube resonance that
might aﬀect the actual STM scanning at high frequencies. This mode is not a problem in
practice, as its resonance frequency can be raised and its amplitude lowered by using
a reinforced structure (see below). Also, we can conclude that despite the diﬀerences
between the measurements and the calculations, the results of the simulations can be
used to test whether a certain scanner geometry is suitable for facilitating fast scanning
motion.
2.2.3 Final design
Figures 2.8a and 2.8b show the ﬁnal design of the STM scanner with two diﬀerent sam-
ple plates. The scanner head is a metallic cylinder. The lower part of the outside face
is tapered. This is done for mounting the scanner in the holder, which is a metallic ring
with a counter cone on the inner face. Three holes are made in the side walls for optical
access to the tip and the sample in the assembled STM. One of the holes is used for
connecting the tunneling current wire to the current preampliﬁer. An EBL#2 piezo tube
with the same dimensions as in the prototype STM is glued into the scanner. A tip holder,
as described in Section 2.2.2, is glued onto the piezo tube. Wires that contact the elec-
trodes on the piezo tube are fed through holes in the scanner head and attached to SMB
connectors, which are rigidly placed on the top of the head. Three preloaded bushings
with micrometer screws [61] are inserted into the head for the coarse approach. The
micrometer screws are connected to stepper motors with gear heads [62] by means of
home-made couplings. Using such combination gives a vertical displacement of only
 8nm per motor step.
Two sample plates were designed and manufactured. The ﬁrst sample plate is made
in analogy to the plate used in the prototype STM, see Fig 2.8a. The second sample
plate is reinforced at the bottom by blades that are perpendicular to the plate surface,
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Figure 2.8: Twomodels of the ﬁnal STM scanner, equipped with (a) a standard sample plate
and (b) a reinforced sample plate. Graphs in (c) and (d) show the results of FEA calculations
of the displacement amplitude in x-direction and z-direction of the sample as the function
of the piezo excitation frequency for the simple (black) and reinforced (red) sample plates.
The piezo was excited with a 51 V peak-peak amplitude.
see Fig. 2.8b. It is done to decrease the inﬂuence of the bending vibration mode of
the sample plate on fast imaging by increasing the mode resonance frequency and
simultaneously decreasing its amplitude. This mode was found to be themost disturbing
one at frequencies lower than the resonance frequency of the piezo tube.
The results of the FEA calculations of the ﬁnal scanner equipped with two diﬀerent
base plates are shown in Figs. 2.8c and 2.8d. As it was expected, the reinforced sample
plate outperforms the non-reinforced one in its response in the z direction. However,
the reinforced sample plate has a somewhat inferior performance in the x direction.
The resonance peak at 5.4 kHz found for the reinforced sample plate in the x direction
corresponds to the bending mode of the micrometer screws. Since the mass of the
reinforced plate is larger than that of the non-reinforced one, this peak appears at lower
frequencies and also has a higher amplitude.
Several materials were considered for the construction of the STM. In general, the
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material of choice for constructing the major parts of the mechanical loop of a high-
speed STM should meet the following requirements:
1. High stiﬀness, i.e. high Young’s modulus. This increases the resonance frequen-
cies of the mechanical loop and also makes the STM less susceptible to external
vibrations.
2. High thermal stability, i.e. low thermal expansion coeﬃcients. This is required to
minimize thermal drift during measurements.
3. High damping coeﬃcient. This leads to the lowering of the quality factor, thus
lowering the vibration amplitudes at the resonances. In other words, even though
resonances of some parts in mechanical loop might occur at relatively low fre-
quencies, the vibration amplitude at resonance might be so low that it will not be
an issue for imaging.
There is no material that satisﬁes all of the requirements listed above. However,
we have considered several materials that have advantages in one or several of the
properties. Our three candidates were molybdenum due to its very high stiﬀness, Invar
due to its high stiﬀness and high thermal stability, and NiTi alloy (Nitinol) due to its high
stiﬀness and high material damping. We have compared the eﬀect of diﬀerent materials
on the response of the mechanical loop using FEA calculations of the same geometry
with diﬀerent material properties. The calculations showed that the increased stiﬀness
of molybdenum would not give a large advantage as compared to Invar, at least for our
geometry. Our calculations showed that using a material with high damping such as
Nitinol could be beneﬁcial, as it would reduce the amplitudes at resonances. However,
the damping properties of parts made of Nitinol can depend on the alloy preparation
and machining conditions. Moreover, Nitinol, which is a memory alloy, could lead to a
signiﬁcant stability problems of the STM at temperatures close to the martensitic trans-
formation temperature of the alloy. This transformation temperature depends on the
precise alloy composition and is close to room temperature. We have decided to build
our STM from Invar, as its high thermal stability provides a large advantage for the STM
imaging.
2.2.3.1 Flow cell
We designed a special liquid cell to allow for electrolyte ﬂow and exchange in-situ during
actual STMmeasurements, see Fig. 2.9. We chose an elongated shape of the liquid cell,
as opposed to the commonly used circular cells, such that the liquid ﬂow at the position
of the STM tip and the sample is laminar. This is necessary to minimize the inﬂuence of
ﬂow (turbulences) on the imaging quality. To improve the liquid ﬂow characteristics even
further, the liquid cell has to be made of a hydrophilic material. We fabricated two liquid
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cells out of the following two materials: quartz, which has a nearly perfect chemical
resistance, and Zerodur [63], which has a low thermal expansion coeﬃcient and also
good chemical inertness.
Figure 2.9: Model of the ﬂow-cell. (1) and (2) are the inlet and the outlet of the electrolyte.
(3) is the hole for the sample.
To create a liquid ﬂow in the system, we decided to use a low ﬂow rate peristaltic
pump with multiple channels [64]. One channel supplies an electrolyte into the cell from
a liquid container. The second channel removes the excess electrolyte from the liquid
cell, thus preventing spill over. Due to identical ﬂow rates at diﬀerent channels of the
pump, a constant level of the electrolyte can be maintained in the ﬂow cell. The pump
is connected to the cell via Teﬂon tubing [65].
In general, peristaltic pumps are known to cause pulsations in liquid systems. To
test whether our pump would create pulsations that would inﬂuence the STM imaging,
we conducted test measurements with a commercial STM (MI PicoSTM [66]). For that
an HOPG single crystal was placed onto the original MI sample plate and then our ﬂow
cell was placed on top. The cell was ﬁlled with ultra-pure water. A cut PtIr tip was used
for STM imaging. In Fig. 2.10a an STM image of the HOPG surface is shown with the
pump switched oﬀ. After switching on the pump and setting it to 70 mL/min pumping
rate, another STM image was acquired, see Fig. 2.10b. As one can see, the atomic
resolution is preserved while pumping. Another example of a surface imaged in ﬂowing
electrolyte at a rate of 100 mL/min is presented in Fig. 2.10c, where the Cu UPD layer
is imaged on the Au(111) surface.
We can conclude that the inﬂuence of pumping on the imaging quality is negligi-
bly small at low pumping speeds using our ﬂow cell. At higher pumping speeds the
pulsations due to pumping may become visible and even lead to the loss of imaging
resolution. In our experiments we saw that the pumping rate, at which the pulsations
start to inﬂuence the STMmeasurements, depends on diﬀerent parameters such as the
tubing type and length, electrolyte level in the cell, STM tip length, thickness of the tip
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Figure 2.10: STM images in the ﬂow cell. (a) HOPG surface in ultra-pure water with the
pump switched oﬀ. The image size is 5 5nm2. (b) The same surface as in (a), but with
the pump switched on at 70 mL/s pumping rate. (c) Cu UPD layer on the Au(111) surface im-
aged with the pump switched on at 100 mL/s pumping rate. The image size is 15 15nm2.
The total hight scale (from black to white) is: (a) 1.17 nm, (b) 0.84 nm, (c) 0.36 nm. The
tunneling parameters are: (a) and (b) 1.5 nA tunneling current and 100 mV tip bias; (c) 1.5
nA tunneling current, 50 mV tip potential, 250 mV sample potential.
coating etc. Thus, we cannot deﬁne a universal maximum pumping rate, at which the
STM imaging would be possible. In our experiments we usually set the ﬂow rate to ap-
proximately 100 mL/min, which corresponds to a complete exchange of the electrolyte
in the ﬂow cell every 4 minutes.
Finally, we would like to mention that although it is possible to maintain constant ﬂow
in the cell, transport of the electrolyte (or ions in the electrolyte) towards the sample
proceeds via diﬀusion, since the sample is located in a depression relative to the plane
of the cell in which laminar ﬂow is maintained. Thus, in all deposition experiments
conducted in the ﬂow-cell the mass transport of ions towards the sample happens via
diﬀusion and convection can be neglected. We estimate the time that is needed for the
concentration at the sample surface to reach the value in the bulk of electrolyte to be
 1 min (for typical values of the diﬀusion coeﬃcient of ions in water of 10–5 cm2 s–1). If
a new ionic species is introduced into the electrolyte at the inlet of the ﬂow cell, it would
take  3 min for the concentration at the sample surface to reach the same value as at
the inlet.
2.2.3.2 STM assembly and housing
Figure 2.11 shows two photos of the complete STM assembly. The STM housing con-
sists of a scanner holder and an environmental chamber for the possibility of maintaining
an inert gas atmosphere. The scanner holder is composed of an aluminium disc resting
on three aluminium legs. The bars are connected to the bottom plate of the holder. An
Invar ring is placed in the middle of the aluminium disc. The inner face of the ring is
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Figure 2.11: Photos of the ﬁnal STM assembly. The STM scanner holder consists of an
aluminium plate (1) that rests on three aluminium legs (2). An Invar ring in the middle of the
plate (3) is used for clamping the scanner (4). The holder is connected to the environmental
chamber via a Viton ring (not visible). An inert gas is supplied to the chamber via the input
(5). The walls of the environmental chamber (6) are made of plexiglas. Please note that the
front wall was removed in the photos. The ports in the side walls (7) are used for electrical
and tubing connections. The sample plate (8) is mounted on the scanner. Teﬂon tubes for
the electrolyte ﬂow (9) are not connected to the ﬂow cell in these photos. On top of the STM
holder, a tunneling current preampliﬁer (10) and a USB microscope (11) for optical access
are located.
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tapered such that if the scanner head is placed into it, it gets rigidly connected to the
holder. This ﬁxing mechanism is similar to the so-called Morse taper, found in machin-
ery.
The environmental chamber is connected via a Viton ring to the STM holder to inhibit
mechanical coupling between them. The side frames of the chamber are connected to
the bottom plate of the holder. The side walls of the environmental chamber are made
of plexiglass. They are ﬁxed to the frame via a click-in mechanism for easy removal.
On the side walls of the chamber several ports are located for electrical connections,
tubing and gas connections.
2.2.3.3 Bi-potentiostat and STM control electronics
Figure 2.12: Simpliﬁed schematic diagram of the bi-potentiostat [67]. The oval represents
the electrochemical cell with a reference electrode (RE), a counter electrode (CE), an STM
tip (Tip), and a sample electrode (WE). The desired tip and sample potentials are supplied
from a DAC card to the diﬀerential inputs In1 and In2, respectively. The input signals can
be low-pass ﬁltered to remove high-frequency noise from the DAC card (F and switches
S1 and S2). OP3 and OP4 are op-amps with high input resistance that allow reading out
the measured potentials of the tip and the sample, respectively. The tip is connected to
the ground of the bi-potentiostat via the tunneling current preampliﬁer. If the switch S3 is
closed, the sample potential is lifted to the input value In2 by OP6, which biases the non-
inverting input of OP7. Additionally, OP7 acts as a current ampliﬁer with a switchable gain
(1 mA/V to 100 mA/V in decades). If the switch S3 is open, no current is allowed to ﬂow
through the sample, but its open circuit potential is measured by OP4. The bandwidth of
the bi-potentiostat can be controlled by adjusting the feedback (FB) of OP5, which supplies
current to the CE.
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For the STM measurements, fast STM control electronics and a high bandwidth cur-
rent preampliﬁer are used [50]. The potential control of the electrodes in the STM is
carried out by a home-built analog bi-potentiostat, see Fig. 2.12. It allows one to set the
electrochemical potentials (versus the reference electrode) of the tip and the sample
independently by supplying the voltages to the inputs In1 and In2, respectively. The
tip is connected to the ground of the bi-potentiostat via the tunneling current pream-
pliﬁer, whereas the sample is biased via OP7. The current through the sample can
be measured via an IV-converter (OP7) with a switchable gain ((1 mA/V to 100 mA/V).
The potentials of the tip and the sample can be measured via voltage followers (OP3
and OP4) with high input resistance, even at open-circuit conditions. The setting of
the potentials and the read-out of data from the bi-potentiostat is made by a DAQ card
(National Instruments), which is controlled by a LabView program.
2.3 Performance
2.3.1 HOPG in air
The surface of HOPG was imaged in air to test the performance of the video-rate EC-
STM. A freshly cleaved HOPG crystal was mounted onto the reinforced base plate and
a cut PtIr tip was used for imaging. Figure 2.13a shows an atomically resolved height
image of the HOPG surface acquired at 1850 Hz line rate. It can be seen from the
image that there is no distortion due to unwanted mechanical vibrations. Images in
Fig. 2.13b and 2.13c were acquired at a line frequency of 7250 Hz in hybrid mode [49].
The atomic resolution at this scan speed is still preserved, although the atoms appear
slightly distorted due to the excited vibrations. The distortion on the sides of the images
is due to the hysteresis of the piezo material.
2.3.2 Cu UPD on Au(111)
To test the performance of our STM in an electrochemical environment, we have ob-
served the nucleation and the growth of the Cu UPD on Au(111) surface1. The Au(111)
electrode and the STM tip were prepared following the procedure described in Appendix
A. The electrolyte used in these measurements contains 0.1M H2SO4, 1mM HCl, and
10mM CuSO4. Figure 2.14 shows a series of STM images during the Cu UPD layer
formation. These images were acquired at a line frequency of 350 Hz and at image fre-
quency of 1.4 Hz. During these images, the surface potential was swept from 325mV
1For more information on Cu UPD on Au(111) see Chapter 3.
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Figure 2.13: STM images of HOPG in air with atomic resolution. (a) Height image acquired
at 1850 Hz line frequency and 7.2 Hz image frequency; (b) and (c) are error signal images
measured at 7250 Hz line frequency and 72.5 Hz image frequency. Image (b) wasmeasured
from left to right and image (c) from right to left. The size of all images is 2.4 2.4 nm2. The
height scale in (a) (from black to white) is 0.02 nm. The tunneling parameters are:  3nA
tunneling current, 50 mV bias voltage.
to 215mV versus a Cu wire quasi-reference electrode1. In Fig. 2.14a an STM image of
a Au(111) surface that is free of Cu deposit can be seen. A monatomic Au step can be
found in the image. In the center of the image, a defect in the step can be seen. This
defect is presumably due to a contaminant adsorbate at the step. Figures 2.14b-f show
the initial stages of the Cu UPD layer formation, i.e. the nucleation of the layer. The Cu
UPD layer nucleates at the step edge in the vicinity of the adsorbate. The Cu UPD nuclei
grow out in Fig. 2.14g-l, covering almost the whole surface. In Fig. 2.14k some defects
in the Cu UPD layer can be seen as dark spots on the surface. We attribute these de-
fects to contamination on the surface. Upon further lowering of the potential, the dark
spots disappear, as can be seen in Fig. 2.14l. For comparison, an STM image of the
UPD layer formation under similar conditions acquired with a commercial EC-STM (MI
PicoSPM) can be found in the next chapter in Fig. 3.6. Due to the slow imaging speed,
the details of the initial stages of the UPD layer formation are not captured in that image,
since the entire UPD process is already complete within a few scan lines.
2.3.3 Cu bulk deposition on Au(111)
The purpose of designing a fast STM is not only to scan fast on relatively ﬂat surfaces,
but also to be able to image very rough surfaces. One of the situations, where a rough
1Please note that the electrochemical potential of a Cu wire reference electrode depends on the
concentration of Cu2+ in solution, thus it is not a "real" reference. However, if a Cu wire is used as a
reference, then the Cu deposition/dissolution potential is always at 0 V, even if the concentration of Cu2+
changes during an experiment.
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Figure 2.14: High-speed STM images of the nucleation and the growth of the Cu UPD
layer on the Au(111) surface. The sample potential was swept from 325mV to 215mV
vs. Cu/Cu2+ during the acquisition of images (a) to (l). These images were acquired with
the high-speed EC-STM at a line scan rate of 350 Hz. Please note that some images are
skipped from the consecutive row of images. The size of all images is 100 100 nm2. The
hight scale in all images is (from black to white)  0.7 nm. The tunneling parameters are:
 500 pA tunneling current, 50 mV tip potential.
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surface could develop, is the electrodeposition of a metal on a substrate of a diﬀerent
metal. In this case, growth of the metal deposit could proceed following the Volmer-
Weber or Stranski-Krastanov mechanisms. This could result in islands of the deposit
that could reach several tens to several hundreds of nanometers in height as well as
in width. If one would like to image such a surface, not only fast feedback electronics
and a high bandwidth preampliﬁer are needed, but also a stable mechanical loop of
the STM with high resonance frequencies. Our EC-STM fulﬁlls this requirement, which
results in stable and relatively fast imaging of such rough surfaces. An example of such
a surface is a Cu bulk deposit, grown on a Au(111) surface from a 0.1M H2SO4, 10mM
CuSO4, and 1mM HCl solution at 100mV overpotential, see Fig. 2.15. As one can
see, we can stably image such a surface, observing the  40nm high Cu crystallites as
well as resolving the monatomic steps on the Au(111) surface. More examples of Cu
crystallites electrodeposited from diﬀerent solutions can be found in Chapters 5 and 6.
Finally, in Chapter 8 we present our results of high-speed imaging of live Cu growth on
a large Cu crystallite.
Figure 2.15: STM images of Cu crystallites, electrodeposited on a Au(111) surface from
a 0.1M H2SO4, 10mM CuSO4, and 1mM HCl solution at 100mV overpotential. (a) Non-
processed height image. The average height of the Cu crystallites is 40 nm. (b) Diﬀeren-
tiated image. The image was acquired at 2.93 Hz line frequency (175 s per image). The
size of the images is 1400 1400 nm2. The tunneling parameters are:  500 pA tunneling
current, –15 mV tip potential, and –5 mV sample potential,.
2.4 Summary
We have designed and constructed an EC-STM that is capable of high-speed imaging in
constant current mode. In addition to its ability to image at high scan speeds, our STM
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is also capable of imaging very rough surfaces, such as Cu crystallites electrodeposited
on Au(111), while still maintaining atomic height resolution.
The ability to image at high speed and the high stability of our EC-STM are partly due
to the bottom-up approach that we used for its design. We employed FEA calculations
of the frequency response of the whole mechanical loop of the STM scanner to the
scanning motion of the piezo tube. Based on the results of these calculations as well
as on test measurements with our prototype scanner, we were able to choose the most
suitable geometry of the scanner. Additionally, we optimized the geometry to increase
the resonance frequency and to decrease the amplitude of the ﬁrst resonance mode of
the system.
In addition, we developed an electrochemical ﬂow-cell that allows us to acquire STM
images while ﬂowing the electrolyte. This gives a possibility to e.g. vary concentrations
of species in the electrolyte or even introduce additional substances (additives) while
imaging exactly the same part of the electrode surface.
Finally, the combination of the rigid STM scanner design, the high-speed feedback,
the data acquisition electronics, and the stable bi-potentiostat allowed us to reach video-
rate imaging rates in constant current and hybrid modes on atomically ﬂat surfaces of
HOPG and also conduct high-speed imaging in an electrochemical environment under
potential control. This makes our EC-STM suitable for the studies of dynamic processes
at an electrode surface such as e.g. electrodeposition.
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Chapter 3
Cu underpotential deposition
on Au(111) and the eﬀect of
thiol-based additives
This chapter describes experiments and results on the ﬁrst stage of Cu electrodeposition
onto Au(111) surface, i.e. the Cu underpotential deposition (UPD). The electrolytes that
are used in the experiments are similar to those utilized in commercial plating baths.
The main focus of the chapter is on the eﬀect of the additives, such as Cl– and bis(3-
sulfopropyl)disulﬁde (SPS), on the UPD process. Based on the experimental results,
we propose a model that explains all the diﬀerent observed stages of the UPD layer
formation. Further, we show that this speciﬁc model of Cu UPD on Au(111) with SPS
can be expanded to a more general case. We expect the model to be valid for the
majority of systems, where the bond between the substrate and the thiol is adatom
mediated. We also present diﬀerent experimental observations, such as the lifting of
the herringbone reconstruction on the Au(111) surface by Cu UPD and Cu UPD on
a hexanethiol-modiﬁed Au(111) surface, which support the proposed general model.
Finally, we present experimental observations of SPS adsorption on a preformed Cu
UPD layer. These observations show that our model, while being generally correct,
requires further reﬁnements.
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3.1 Introduction
In the past two decades, modiﬁcation of metallic surfaces by organic molecules that
contain an SH– function group, i.e. thiols, has drawn a lot of attention. These systems
are interesting both from the fundamental and the application points of view. The fun-
damental interest lies in the interaction forces between the thiols and the metallic sub-
strate, between thiol molecules themselves, and between the thiols and the electrolyte.
It has been shown that a combination of these attractive and repulsive forces leads to
the formation of a multitude of ordered interface structures, known as self-assembled
monolayers (SAM). On the practical side, thiol molecules have, e.g., found application
as surfactants in electroplating baths allowing a modiﬁcation of the growth process and
thereby of the properties of the deposit. For more information on both the fundamental
aspects of SAM’s and their practical use see recent reviews in [5, 68, 69].
A recent discovery, worth mentioning in the scope of the current chapter, is the
adatom-mediated binding of thiol molecules to metal surfaces, in particular, to the
Au(111) surface [6, 7, 70]. The rearrangement of the interface metal atoms upon thiol
adsorption, which is sometimes referred to as thiol-SAM-induced surface reconstruction
[71], is believed to lead to the formation of single vacancies in the metal surface. The
rearrangement of these single vacancies by diﬀusion leads to the formation of the larger
vacancy islands, which are observed experimentally [72–74]. However, there is still no
clear consensus regarding this topic.
Diﬀerent electrochemical, spectroscopic, and direct surface imaging techniqueswere
employed to study metal deposition on metallic surfaces that have been modiﬁed by thi-
ols. The n-alkanethiol SAM modiﬁed Au(111) surface has received the most attention
as a model system for both underpotential and overpotential metal deposition [71, 75–
84]. Also, COOH– [79, 85, 86], OH– [79, 87, 88] and SH– [87] terminated thiols have
been studied. Furthermore, several studies have been conducted onmetal deposition at
surfaces modiﬁed by aromatic thiols [89–91]. Comparing diﬀerent publications, one sur-
prisingly ﬁnds that the results of diﬀerent studies on similar systems vary and that they
are sometimes even controversial. In particular, there is a debate concerning the pro-
cesses, happening during copper underpotential deposition on thiol-modiﬁed Au(111)
surfaces1
It is surprising that only a few studies have considered the structure of sulfonate-
functionalized (SO3H–) thiol SAMs, such as bis(3-sulfopropyl)disulﬁde (SPS) or its
monomer 3-mercapto-1-propanesulfonic acid (MPS) [93–98], as well as their eﬀect on
metal deposition [1, 99], despite their important practical application as surfactants for
metal electrodeposition, e.g. during the metallization of semiconductor wafers.
In the present chapter we focus on theCu underpotential deposition (UPD) on Au(111)
1For details see [23, 92] and references therein.
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in the presence of SPS.We ﬁnd that the UPD layer growth proceeds in two distinct steps.
We show that this two step mechanism of the Cu UPD can be explained well by a simple
model, if both the gold adatom-mediated thiol bond to the Au(111) surface and the mor-
phology and growth of the Cu UPD layer are considered. Further, by means of several
experiments as well as by pointing out examples from the literature, we show that our
model can be applied to a variety of diﬀerent systems exhibiting the UPD phenomenon,
where the substrate is modiﬁed by a thiol.
3.2 Experimental details
All EC-STM measurements in this chapter were carried out with a Molecular Imaging
PicoScan STM equipped with a PicoStat bi-potentiostat. A home-built quartz electro-
chemical ﬂow cell was used, see Section 2.2.3.1. Either a copper wire or a palladium
wire charged with hydrogen was used as a reference electrode and a gold wire served
as a counter electrode. The in situ CV’s were generally checked by additional measure-
ments in a separate electrochemical cell using a dedicated potentiostat (IviumCompact-
Stat [100]) and a mercury/mercurous sulfate electrode (MSE) as a reference electrode.
All potentials in this chapter refer to Cu/Cu2+, unless stated diﬀerently.
STM tips were prepared by electrochemical etching of a tungsten wire in a 2M NaOH
aqueous solution by applying a DC voltage. After etching, the tips were coated with
polyethylene to minimize faradaic currents. For more details on tip etching procedure
as well as the sample preparation procedure see Appendix A.
3.3 Cu UPD from additive-free solutions
3.3.1 Sulfate containing electrolyte
Underpotential deposition of Cu on Au(111) from a sulfate containing solution is known
to proceed in two steps. First, at a potential of about +250mV a structure with 2/3
of a monolayer of Cu and 1/3 of a monolayer of coadsorbed sulfate is formed1. This
UPD layer exhibits a (
p
3
p
3)R30 honeycomb structure, where the sulfate anions
occupy the centers of the honeycomb, see Fig. 3.1a. At a more negative potential of
about +25mV the UPD layer transforms into a Cu-(1 1) pattern. There are only a few
papers that estimate the surface coverage of the sulfate adlayer on top of the Cu-(1 1)
structure: the reported values lie around 0.33 monolayer. Although the structure of this
sulfate adlayer is unclear, it is suggested, on the basis of STM measurements, that the
1One monolayer corresponds to the surface concentration of gold atoms in an ideal, unreconstructed
(111) surface (1.39x1015atoms/cm2).
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sulfate forms a disordered mobile adlayer on the Cu-(1 1) structure. Figure 3.1 shows
a model of the two diﬀerent Cu UPD layer structures.
Figure 3.1: Atomic ball models of the Cu UPD layer structures on Au(111): (a) the
(
p
3
p
3)R30 structure at +250mV and (b) the (1 1) structure +25mV. The yellow,
orange, blue, and red atoms correspond to gold, copper, sulfur, and oxygen, respectively.
The image is reproduced with permission from [101].
Figure 3.2: CV’s of Cu UPD on Au(111) from sulfate solutions with diﬀerent acidities. The
CV in (a) was measured in 10mM CuSO4 and 0.1M H2SO4 solution with a pH of 1, and (b)
in 10mM CuSO4 and 0.1M K2SO4 solution with a pH of 3.5. Potential sweep rate: 30mV/s.
Figure 3.2a shows a CV of a Au(111) single crystal in a 10mM CuSO4 and
0.1M H2SO4 solution (pH 1). The negative peak at 245 mV and the positive peak at
250 mV correspond to the formation and the dissolution of the (
p
3
p
3)R30 UPD
3. CU UPD ON AU(111) AND THE EFFECT OF THIOL-BASED ADDITIVES 57
layer. These peaks will be further referred to as the ﬁrst UPD deposition and dissolu-
tion peak correspondingly. The peaks found at more negative potentials ( 25mV and
 90mV) correspond to the transformation of the UPD layer from the (
p
3
p
3)R30
to the (1 1) structure and vice versa. These peaks will be referred to as the second
UPD deposition and dissolution peaks. Integration of the two deposition current peaks
gives a total charge density of 480 mC/cm2 for the formation of the UPD layer. This value
is in a good agreement with the value of 460 mC/cm2 found in literature [23]. The CV
changes signiﬁcantly, if the acidity of the solution is decreased, as can be seen in the CV
of a Au(111) single crystal in a 10mM CuSO4 and 0.1M K2SO4 solution (pH 3.5), see
Fig. 3.2b. The pair of the ﬁrst UPD peaks is shifted by 15mV to more positive potentials.
The maximum of the second UPD deposition peak is no longer resolved as it overlaps
with the current of the onset of the bulk deposition. The second UPD dissolution peak
lies at a more positive potential than the corresponding peak in the pH=1 solution.
Figure 3.3a shows a large scale image of the Au(111) surface covered with the UPD
layer. Note that the bright islands on the surface are islands with a monatomic step
height of Au(111), which were also present before the Cu UPD layer formation. The
UPD layer consists of domains with clearly visible domain boundaries. These domain
boundaries may be interpreted as defects of the UPD layer, which indicates that the
UPD layer in a sulfate electrolyte is rather defect-rich. After analyzing STM images with
atomic resolution of diﬀerent domains, we can conclude that there are three orientations
of the domains, which reﬂects the three-fold symmetry of the Au(111) surface. As one
can see in Fig. 3.3a, many domains have boundaries that are not related to the edges of
the preexisting, large Au islands. This means that those domains must have nucleated
on terrace sites and not at the edges of the preexisting Au islands. As we will see in
Section 3.3.2, this contrasts our observations of the formation of the UPD layer from
Cl–-containing solution, where we have strong evidence for the nucleation of the UPD
layer at step edges.
Figure 3.3b shows the Cu UPD with higher magniﬁcation: domain boundaries as
well as "atoms" are visible. It has been shown that the "atoms" in the UPD layer ob-
served with the STM correspond to the sulfate anions coadsorbed with Cu [102]. The
nearest neighbor distance in this image is 0.48 0.04 nm, which corresponds well to
the (
p
3
p
3)R30 structure; the theoretical value of the nearest-neighbor distance for
the (
p
3
p
3)R30 structure on a Au(111) surface is
p
3 0.288 nm = 0.499 nm.
It is interesting to mention that although the change of the pH from 1 to 3.5 leads
to a signiﬁcant change of the CV of the Cu UPD on Au(111), there is no pronounced
change in the structure of the UPD layer derived from the STM images. With a pH of
3.5 the STM measurements reveal a (
p
3
p
3)R30 structure with a nearest-neighbor
distance of 0.47 0.04 nm. However, the structure that is formed during the second
UPD deposition peak might diﬀer from that of the initial UPD layer (an analysis has not
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been performed within the framework of this thesis).
Figure 3.3: STM images of the Cu UPD layer formed in a 10mM CuSO4 and 0.1M H2SO4
solution on a Au(111) single crystal surface. (a) The domain boundaries of the UPD layer are
clearly visible. The height of the "large" islands in the image corresponds to a monatomic
Au(111) step. The image scale is 200 200 nm2. (b) Higher magniﬁcation of the UPD
layer with atomic resolution; the "atoms" are the coadsorbed sulfate anions. The scale is
20 20 nm2. The tunneling parameters are: 15mV tip potential, 200mV sample potential,
and 500pA tunneling current.
3.3.2 Eﬀect of chloride on the Cu UPD
Addition of even small amounts of Cl– to the solution changes both the CV and the
structure observed with the STM. Figure 3.4 shows a CV of Cu deposition on Au(111)
in the UPD regime from a solution with 0.1M H2SO4, 10mM CuSO4, and 1mM HCl.
The CV shows two pairs of peaks, similar to the case of sulfate-containing but chloride-
free electrolyte. The peaks at about 305mV are reversible and appear at potentials
that are more positive than in the case of sulfuric acid without Cl–. The second pair of
peaks overlaps somewhat with bulk Cu deposition (or dissolution), but the maximum
of the second UPD deposition peak at 15 mV is well-separated. In fact, the second
UPD stripping peak in the CV of Fig. 3.4 appears much larger than the corresponding
deposition peak. The reason is that the second UPD stripping peak overlaps with the
stripping peak of the bulk deposit that grew during the cathodic sweep below 0mV.
By integrating the two deposition peaks we ﬁnd that the charge transferred during the
formation of the UPD is 350 mC/cm2. This value corresponds well to the value of 360 mV
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from the literature [103]. Note that the charge density estimate is only approximate due
the overlap of the second UPD deposition peak with the bulk copper deposition.
Figure 3.4: CV of Cu UPD on Au(111) in the presence of Cl–. The solution contains
0.1M H2SO4, 10mM CuSO4, and 1mM HCl. The potential sweep rate is 30 mV/s.
Figure 3.5 shows a model of the Cu UPD layer in the presence of Cl–. Using various
techniques it was shown that during the UPD in Cu2+ and Cl– containing solutions on
Au(111) a bi-layer is formed, consisting of a bottom Cu layer and a top Cl layer [23]. Due
to the lattice mismatch between the UPD layer and the Au(111) surface, the UPD layer
shows a long-range modulation that reﬂects the moiré pattern between the two lattices.
The moiré pattern implies that the atoms in the UPD layer are periodically displaced in
the direction perpendicular to the surface. Also, it was demonstrated that the Cu atoms
are packed in registry with the top layer of chloride, see Fig. 3.5, and not in registry with
the underlying gold layer [104].
Figure 3.6a shows an atomically resolved STM image of the "(5 5)" structure of
the UPD layer in Cl–-containing electrolyte obtained at a potential of 260 mV, which is
between the ﬁrst and the second UPD deposition peaks. We measure the period of the
moiré pattern to be 1.31 0.05 nm. Within the moiré pattern one can see a corrugation
with a shorter period of 0.37 0.03 nm, corresponding to individual Cl atoms of the UPD
layer. Figure 3.6b shows a 200 200mn2 STM image of the Au(111) surface covered
by the Cu UPD. Three domains are visible on the surface with one domain boundary
corresponding to the monatomic step and another domain boundary on the ﬂat terrace.
If one compares Fig. 3.6b with Fig. 3.3a, one notices that the UPD layer in the Cl–-
containing electrolyte has much less defects as compared to the UPD layer grown in
the sulfate containing electrolyte without Cl–. The reason might be a greatly enhanced
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Figure 3.5: Atomic ball model of the copper chloride bilayer that forms on top of Au(111).
The yellow, orange, and blue balls correspond to gold, copper, and chloride atoms, respec-
tively. Due to the lattice mismatch between the bilayer and the Au(111) surface, the adlayer
is buckled. The image has been reproduced with permission from [101].
Figure 3.6: STM images of Cu UPD on Au(111) in the presence of Cl–. The solution con-
stains 0.1M H2SO4, 10mM CuSO4 and 1mM HCl. (a) In the 10 10nm2 atomically re-
solved image, both the long-range moiré pattern and single Cl atoms are clearly visible.
The image is low-pass ﬁltered for clarity. (b) The 200 200nm2 image shows a UPD layer
with much less defects, exhibiting only three domains. One domain boundary follows the
atomic step and the other one, on the lower terrace, runs between the two black lines. (c)
The 65 65nm2 image shows the formation of the UPD layer. The image is taken during
a potential sweep from 305mV to 297mV at 0.1mV/s. The arrow represents the time axis.
Note that the UPD layer has "diﬃculties" in covering the whole terrace: the vicinity of the step
at the higher terrace side remains uncovered although, the area decreases with decreas-
ing sample potential. The tunneling parameters are: 0mV tip potential, and 1 nA tunneling
current. In (a) and (b) sample potential was 260mV.
Cu mobility in the presence of Cl–, which is also suggested in literature [105, 106]. Due
to a higher Cu mobility, the capture zones for Cu adatoms around UPD layer nuclei are
much larger than in the Cl–-free solution, resulting in a smaller density of larger domains
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and hence less domain boundaries.
Figure 3.6c shows an STM image of the Cu UPD layer formation process during a
potential sweep from 305mV to 297mV. The particular shape of the UPD layer growth
front strongly suggests that the UPD layer nucleates at the steps, similar to the pro-
cess reported in [107]. During the potential sweep to more negative values over the
UPD peak, the Cu UPD layer rapidly covers almost the complete terraces, but leaves
the vicinity of each step on the higher-terrace side uncovered, see Fig. 3.6c. Further
change of the potential to slightly more negative values is needed to ﬁll up the terraces
completely. This growth behavior can be explained by step-step interactions [106]. In
particular, the Smoluchowski-eﬀect leads to a local variation of the surface potential at
the steps [108]. Also, entropic step-step repulsion could contribute to the observed ef-
fect [109]. We expect this observation to be a general eﬀect that might take place on
a variety of diﬀerent systems during a UPD layer formation. In measurements where
some contamination was present on the terraces of the surface, as observed by the
STM, nucleation of the UPD layer occurred also on the terraces.
Surprisingly, the structure of the Cu UPD layer at potentials around the second UPD
peak, as well as at more negative potentials, remains unknown. The "(5 5)" structure
is visible at these potentials in the STM measurements, as reported in literature [107]
as well as observed in our experiments. However, we see that the contrast of the moiré
pattern changes at the second UPD peak. On the basis of our STM images, we are
unable to ascribe the observed change of the contrast to a change in the layer structure.
More measurements are needed to clarify this issue.
3.4 Eﬀect of SPS on Cu UPD
3.4.1 SPS and Cu underpotential deposition with Cl–
Figure 3.7 shows a comparison between CV’s in SPS-free and SPS-containing solu-
tions. The SPS-free solution is the same as used in Fig. 3.4. The SPS-containing
solution is prepared by adding 10mM SPS to the SPS-free solution. In the presence of
SPS the center of the ﬁrst Cu UPD deposition peak is shifted by 70mV to more negative
values as compared to SPS-free solution, showing that SPS makes the Cu UPD more
diﬃcult. In addition, the peak shape suggests that it consists of two overlapping single
peaks, see "I" and "II" in Fig. 3.7. The charge density associated with the UPD peak
in the SPS-containing electrolyte equals 340mC/cm2, as is estimated by integrating the
current peak in the CV. As it was noted in Section 3.3.2, the total charge density associ-
ated with the ﬁrst Cu UPD in SPS-free electrolyte amounts to 350 mC/cm2, which agrees
well with the charge density of the Cu UPD layer formation in SPS-containing solution.
However, we argue that the agreement between the charges of UPD layer formation
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with and without SPS is accidental, since the structure of the Cu UPD layer is diﬀerent
in both cases. In fact, our EC-STMmeasurements of SPS adsorption on a Cu UPD layer
that is preformed in a SPS-free electrolyte, indicate that the structure of the UPD layer is
changed dramatically after exposure to the SPS, see Section 3.6.1. Note also that in the
SPS-containing solution there is no second UPD peak as in the SPS-free solution. This
lets us assume that the Cu UPD process is completed at more positive potentials than
the second UPD deposition peak in the SPS-free solution (15 mV) but more negative
than the ﬁrst UPD deposition peak in the SPS-containing solution (235 mV). In addition
this also implies that the structure of the UPD deposit remains unchanged (in contrast
to the SPS-free case) until the onset of the bulk deposition.
Figure 3.7: Cyclic voltammograms comparing Cu UPD on Au(111) in a solution contain-
ing 0.1M H2SO4, 10mM CuSO4, and 1mM HCl, with (solid line) and without (dashed line)
10 mM SPS. Note that the CV in the SPS-containing electrolyte has been recorded several
minutes after SPS addition to the solution. The voltage sweep rate is 30 mV/s. Note also
the two distinct peaks "I" and "II" of the UPD deposition in SPS-containing electrolyte.
Although the ﬁrst UPD deposition peak strongly deviates in the SPS-containing solu-
tion, the position of the ﬁrst UPD stripping peak remains, surprisingly, almost unchanged
in the case of the SPS-containing electrolyte. Based on this information one could guess
that SPS is not strongly incorporated in the Cu UPD layer upon its formation. The shape
of the stripping peak becomes less symmetric in the presence of SPS, as compared to
the SPS-free case: it shows a slower starting of the stripping and a faster ﬁnish.
The height and the shape of the UPD current peaks "I" and "II" in the SPS-containing
electrolyte, are signiﬁcantly changed, if the potential of the sample is kept for several
tens of minutes at a value around 710 mV, i.e. higher than the UPD layer formation and
lower than the Au(111) monolayer oxidation potential of 1030 mV, see Fig. 3.8. With
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increasing waiting time at 710 mV, the height of peak "I", located at 265 mV, decreases.
The peak also becomes wider. Peak "II", found at 210 mV, becomes more pronounced,
as its height increases. The total charge density of the UPD layer formation remains
almost unchanged; it is equal within 15 mC/cm2. Raising the sample potential above
the gold monolayer oxidation potential restores the original shape of the UPD peaks, as
depicted by the dashed line in Fig. 3.8. We believe that, when waiting at 710 mV, the
change is caused by additional adsorption of SPS molecules on the Au(111) surface
and an increase of the SAM quality, i.e. increase of the SAM domain size. In fact, a
change of the CV due to thiol adsorption at similar timescales has been observed in
Ref. [88]. Also, it has been shown in Ref. [94] that the adsorption and ordering of SPS
on Au(111) proceeds at a comparable time scale as our waiting time. If the potential
is changed to more positive values, i.e. around the gold oxidation potential, the SPS
molecules are oxidatively desorbed from the surface [110]. Oxidation of the SPS can
be associated with the increase of the oxidative current in the CV in the potential range
between 800 mV and 1000 mV, see Fig. 3.8. Thus, the subsequent CV sweep would
result in a similar curve as in the case of a surface that is freshly exposed to the SPS-
containing electrolyte. However, we have to note that we cannot rule out the possibility
of the presence of contaminants, that could also lead to the change of the UPD layer
formation peaks.
Please note that the shape of the CV’s in the SPS-containing electrolyte was quite
reproducible in our experiments upon subsequent cycling in the potential range of 10 mV
to 900 mV, as opposed to several other studies [75, 78], where some damage of the
SAM has been observed.
Figure 3.9a shows an STM image of the Au(111) surface exposed to the SPS-
containing electrolyte. While taking the image, the sample potential was swept from
265 mV to 210 mV, thus covering the potential range of the Cu UPD layer formation. As
compared to Sections 3.3.1 and 3.3.2, the Cu UPD layer formation process is strongly
inﬂuenced by the presence of the SPS. We do not see the nucleation of the Cu UPD
layer at the step edges and rapid covering of complete terraces, as observed in the
SPS-free electrolyte, see for comparison Fig. 3.9. Instead, the UPD layer formation
proceeds in two steps. Firstly, in the potential range between 270 mV and 230 mV
patch-like structures nucleate everywhere on the surface and grow out towards more
negative potentials, reaching surface coverage of around 80%. Secondly, at potentials
below 230 mV islands nucleate that are higher than the patches. These islands grow
out slightly, reaching the maximum surface coverage of 9%. In the following we discuss
the diﬀerent steps of the Cu UPD layer growth in the SPS-containing solution in more
detail.
Figure 3.9b shows a typical STM image of the Au(111) surface in an electrolyte at
potentials more positive than the Cu UPD layer formation potential (310 mV to 610 mV)
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Figure 3.8: Two subsequent cyclic voltammograms of Au(111) in 0.1 M H2SO4/10 mM
CuSO4/1 mM HCl/10 mM SPS. The solid curve has been measured after the sample po-
tential was kept at 710 mV for 30 minutes. The potential has been swept in the cathodic
direction; thus the UPD peaks of the solid curve are measured before the surface was ox-
idized. The dashed curve corresponds to the subsequent scan after surface oxidation (at
1030 mV) and reduction (peak at 820 mV). The voltage sweep rate is 30 mV/s. Note the
peak height changes of "I" and "II" in the diﬀerent cases.
after introduction of SPS into the liquid cell. Monatomically deep holes, characteristic for
thiol adsorption [72–74], are formed after several tens of seconds after introduction of
10 mMSPS. The coverage of the vacancy islands ranges from 2% to 9% of a monolayer.
The entire surface is covered with domains of ordered, self-assembled structures of
SPS, or MPS (monomer of SPS), as argued in [94]. According to the crystal symmetry,
three orientations of the domains are visible. In fact, the molecularly resolved structure
of the SAM (see Fig. 4.3 in Chapter 4) strongly resembles measurements on a SAM of
MPS by Ref. [94] in Cu2+-free and Cl–-free electrolyte. Thus, we can assume that the
SAM observed in our measurements probably consists of MPS molecules, which were
created due to the sulfur-sulfur bond cleaving of the SPS molecules upon adsorption
at the substrate. We further mention that at these potentials no Cu is present at the
surface.
If the potential is changed to 250 mV, i.e. the potential where peak "I" of the double
UPD peak is found, small islands of deposit (called "UPD patches" further in the text)
appear on the terraces, see Fig. 3.9c. These patches do not nucleate preferably at Au
steps or surface defects, as in the case of the additive-free solution. Instead, they are
formed homogeneously on the terraces. Closer inspection indicates that these patches
prefer to nucleate at the defects of the SAM, i.e. at the domain boundaries between
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Figure 3.9: STM images of the Cu UPD layer growth in solution containing 0.1 M H2SO4, 10
mMCuSO4, 1 mMHCl, and 10 mMSPS. The arrow shows the scan and the sample potential
sweep direction. (a) Diﬀerent stages of the Cu UPD layer formation during a potential sweep
from 265 mV to 210 mV. (b) The surface is covered by a SAM of SPS. The sample was
exposed to SPS-containing solution for 25minutes at a potential of 360 mV. (c) UPD patches
at the surface at 250 mV. (d) Two consecutive images of the same surface area, showing
the nucleation of the UPD patches. The upper image was acquired at a potential of 310 mV.
In the lower image the potential was swept from 265 mV to 250 mV. (e) Islands with a height
of a monatomic step on Au(111) (higher than the patches) that nucleated between the UPD
patches at 170 mV. (f) UPD layer stripping: the potential was swept from 250 mV to 310 mV.
All images were acquired at tip potentials between 10 mV and 90 mV and tunneling currents
between 150pA and 500 pA.
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SAM areas of diﬀerent orientations, see Fig. 3.9d. Such growth behavior has also been
observed in other studies [91]. However, this eﬀect is much less obvious in our case due
to the high defect density, i.e. small domain size, and low packing density of the SAM.
The height of the patches as measured with STM is 0.10 0.03 nm. This matches well
with the height of the Cu UPD layer grown in the absence of SPS. Also, these patches
do not appear in the solution without Cu2+ ions. We conclude that these patches are
copper underpotential deposit.
Upon further lowering of the potential the UPD patches coalesce and at the potential
of peak "II" of the double UPD peak (210 mV) small islands that are higher than the UPD
patches appear on the terraces, see around the middle (and slightly above the middle)
of Fig. 3.9a as well as Fig. 3.9e. These islands nucleate in between the patches, i.e. on
the parts of the surface that are not covered by the UPD layer. The height of the islands
is 0.24 0.02 nm, which matches well with the height of a monatomic Au(111) step of
0.235 nm. The island coverage ranges between 1 – 9%of amonolayer. We attribute this
spread to diﬀerent SPS surface coverage at the beginning of the UPD layer formation,
see Fig. 3.8 as well as further in the text.
The stripping of the UPD layer happens in a single step, as opposed to the two-step
UPD layer growth process. The UPD copper layer rapidly breaks down into patches,
which then quickly disappear together with the islands, see Fig. 3.9f. Some of the larger
islands remain stable over some time, even if there is no UPD layer present anymore.
We would like to mention here that the fraction of the surface covered by the UPD
patches, see Fig. 3.9c, depends not only on the potential but also on time, see Fig. 3.10.
Figure 3.10: Fraction of the surface covered by UPD patches as a function of time after the
potential was lowered from 340 mV to 235 mV. The non-zero starting coverage reﬂects the
ﬁnite duration of the change of potential to 235 mV.
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3.4.2 Cu UPD from a Cl–-free solution in presence of SPS
To probe the eﬀect of Cl– on the Cu UPD in the presence of SPS, we have repeated the
experiments in an electrolyte containing sulfate but no chloride. The reason for repeat-
ing experiments in the Cl–-free electrolye is that the Cl– ions might have a signiﬁcant
inﬂuence on the observed processes. For example, it is reported in literature [1, 111]
that the concentration ratio between SPS and Cl– aﬀects the Cu bulk deposition.
Figure 3.11a shows the CV of Au(111) in a solution, containing 0.1M H2SO4,10mM
CuSO4, and 10 mM SPS. Only one pair of peaks corresponding to the Cu UPD layer for-
mation is visible, unlike in the SPS-free solution, where the UPD layer formation resulted
in two separate pairs of peaks, see Fig. 3.2a. Similar to the Cl–-containing electrolyte
(Fig. 3.7), the Cu UPD growth peak is shifted to more negative potentials in the presence
of SPS, compare Figs. 3.11a and b (solid line). The peak is much broader than in the
SPS-free solution, suggesting that the presence of the SPS hinders the UPD layer for-
mation. However, it is not clear from the peak shape, whether the UPD layer formation
happens in one or several steps, i.e. there are no obvious overlapping peaks within the
broad peak as in Figs. 3.11b (dashed line) and 3.7. The position of the current maximum
of the Cu UPD stripping peak is at 260 mV; it is almost unchanged by the presence of
SPS. However, the peak is much broader as compared to the SPS-free electrolyte and
its maximum is much less sharp. The shoulder in the peak at 220 mV indicates that
the peak is made of two overlapping peaks. The charge density associated with the Cu
UPD layer formation in the Cl–-free but SPS containing electrolyte is 375 mC/cm2. This
value is 100 mC/cm2 smaller than in the SPS-free electrolyte. It is however compatible
with the charge density of the Cu UPD layer formation in solution with Cl– and SPS,
suggesting that the ﬁnal structure of the layer could be determined by the SPS rather
than by the anions, see also Section 3.6.1.
Comparing the CV’s in Fig. 3.11a and Fig. 3.11b (dashed line), we can draw the
following conclusions. Firstly, the type of the dominating anion in the solution, i.e. either
Cl– or SO2–4 , changes the Cu UPD deposition peak. Thus, we can assume that the an-
ions are co-adsorbed during the Cu UPD layer formation in SPS-containing electrolyte,
much like in the SPS-free solution1. Secondly, the SPS is also co-adsorbed during the
Cu UPD layer growth. This becomes especially obvious from the UPD stripping peak in
Cl–-free electrolyte with SPS, which is changed dramatically with respect to the same
peak in the SPS-free electrolyte.
Figure 3.12 shows STM images of the Au(111) in the Cl–-free but SPS-containing
electrolyte. The Au(111) surface at the surface potential of 230mV exhibits domains
of the ordered SAM of SPS, see Fig. 3.12a. We found no diﬀerence in the structure
1It has been shown that although anions are present on the Au(111) surface at more positive potentials
than the Cu UPD layer formation potential, during the Cu UPD process additional anions are co-adsorbed
together with the Cu2+ cations [23, 103, 104, 112].
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Figure 3.11: CV of Au(111) in the UPD potential region (a) in a solution containing
0.1M H2SO4, 10mM CuSO4, and 10 mM SPS. Note that the curving of the CV towards
negative currents in the potential range between 0mV and 50mV is due to the presence of
oxygen in the solution, leading to oxygen reduction. (b) The CV’s in the solution contain-
ing 0.1M H2SO4, 10mM CuSO4 (solid line) and with additional 1 mM Cl– and 10 mM SPS
(dashed line) are shown for comparison.
of the SAM as compared to the Cl–-containing solution, see Fig. 3.9b. Also, as in the
Cl–-containing electrolyte at these potentials, vacancy islands are present on the sur-
face. As the potential is lowered, ﬁrst a disordered phase is observed in the potential
range from 210mV to  185mV, see Fig. 3.12b and c. Within the disordered phase
small patches can be distinguished. However, these patches are not as well-deﬁned as
the patches observed in the Cl–-containing solution, compare inset in Fig. 3.12c with
Fig. 3.9c. At  195mV islands start to appear at the surface, similar to the islands ob-
served in the Cl–-containing electrolyte. The hight of these islands is 0.241 0.065 nm,
comparable to the height of the islands in the the Cl–-containing electrolyte. The islands
remain stable in potential region where the Cu UPD layer is present on the surface, see
Fig. 3.9d.
Based on these observations, we conclude that the surfacemorphology of the formed
Cu UPD is not inﬂuenced by either presence or absence of Cl– in the solution. There
is however a clear diﬀerence in the initial stage of the Cu UPD layer formation: rather
stable patches of the Cu deposit are formed with Cl– in the solution, whereas without
Cl– a more dynamic and disordered phase is observed. This diﬀerence between the
Cl–-free and Cl–-containing electrolytes with SPS can be understood if one considers
the interaction strength between the copper and Cl–, SO2–4 , and SPS. It is generally
known that Cl– adsorbs more strongly than Cl– on bulk Cu(111), Au(111), and on the
Cu UPD layer on Au(111) [113, 114]. Thus, for example, in Ref. [115] it has been shown
that addition of only 5 10–6 M NaCl to a 0.05 M H2SO4 electrolyte containing 1 mM
CuSO4 changed both the CV as well as the atomic structure of the Cu UPD layer, indi-
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Figure 3.12: STM images of Cu UPD on Au(111) in a Cl-free electrolyte with SPS. The
electrolyte composition is 0.1M H2SO4, 10mM CuSO4, and 10 mM SPS. (a) The surface
is covered by ordered domains of the SAM. Also monatomically deep vacancy islands (cor-
responding to a Au(111)-step height) are visible. The surface potential is 230mV. In (b)
and (c) the potential was swept form 230mV to 200mV in (a) and from 200mV to 170mV
in (b) at a rate of 0.5mV/s. Around the center of (b) (at  215 mV) small patches nucleate
in between the disordered phase on the surface. The patches are not as well-deﬁned as in
Fig. 3.9c. In (c) islands with a height of a monatomic step on Au(111) appear. The arrows
in the images indicate the time axis of the sweep and the scan direction. The inset shows
a 30 30 nm2 zoom-in image at 190 mV, showing the islands (white spots), Au vacancy
island (black spot), and the disordered phase with small patches. (d) shows the surface
after the completed Cu UPD layer formation at the surface potential of 160mV. The islands
with a height of a monatomic step of Au(111) are visible on the terraces. The size of im-
ages (a)-(d) is 200 200 nm2. The tunneling parameters are: 100mV tip potential, 300 pA
tunneling current.
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cating a much stronger aﬃnity of Cl– to the Cu UPD layer than that of sulfate. On the
other hand, the aﬃnity of a thiol, such as a simple alkane-thiol or SPS, to a Cu surface
is somewhat higher than that of Cl–: for example, the binding energy of a methanethiol
to a Cu(111) surface was calculated to be 2.08 eV per molecule [116], whereas for Cl–
a value of 1.89 eV was obtained [117]. Although the above values were obtained for
a single-crystal Cu(111) surface, we expect the tendency to be the same for the bind-
ing to the Cu UPD layer on Au(111). Thus, we propose the following explanation to
our experimental observations. At the onset of Cu UPD, Cu is co-deposited together
with the anions, and probably also with the SPS from the solution. In the absence of
Cl–, Cu is deposited together with sulfate and SPS. Since the thiol-copper interaction
is much stronger than the interaction of sulfate-copper, there will be a large amount of
SPS incorporated in the UPD and also the diﬀusion of the SPS molecules from the Au
surface to the UPD deposit will be largely unhindered, since the displacement of the sul-
fate molecules on the Cu UPD layer by SPS is energetically favorable. This could lead
to the dynamic appearing patches observed in our STM measurements. In contrast, if
Cl– is present in the electrolyte, it will be the dominant anion species coadsorbed with
Cu. Probably, SPS will also be coadsorbed, but in smaller amounts than in the absence
of Cl, since the binding energy of a thiol to Cu is only slightly larger than that of Cl–.
Also, there will be a much higher energy barrier for the thiol molecules present on the
Au surface to diﬀuse onto the growing Cu deposit due to a small diﬀerence between
the binding energies of SPS/Cu and Cl–/Cu. This could explain why we observe rather
stable Cu UPD patches in the initial stage of Cu UPD in Cl–-containing electrolyte. We
would like to mention already here that we come to a similar conclusion on the basis of
STM measurements of SPS adsorption on a pre-grown Cu UPD layer that is formed in
a SPS-free electrolyte either with or without Cl–, see Section 3.6.1.
3.5 Model for UPD layer growth in the presence of SPS
3.5.1 Formulation of the model
Based on our observations, we propose the following model for the UPD layer growth in
the presence of SPS or other thiol molecules [118]. As a starting situation we assume
an unreconstructed gold surface, which is exposed under potentiostatic control to an
electrolyte containing Cu2+ and Cl– ions as well as the SPS molecules, see Fig. 3.13a.
Please note that, althoughwe assume that the electrolyte contains Cl–, this model is also
valid for a Cl–-free solution with sulfate, as will be discussed below. At potentials, more
positive than the UPD layer formation potential, but more negative than Au oxidation,
SPS adsorbs at the surface [94], see Fig. 3.9b. As suggested already by other groups
[6, 7, 70], we assume that the bond between each thiol molecule and the gold surface
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is mediated by a gold adatom: when an SPS molecule is adsorbed, it extracts a gold
atom from the surface, thus creating a surface vacancy. Due to the fast surface diﬀusion
of single gold vacancies at room temperature [119, 120], the surface vacancies rapidly
cluster [121]. Thus we expect the formation of a self-assembled SPS monolayer, which
Figure 3.13: Model of the Cu UPD layer growth and stripping in the presence of SPS. (a)
Initial situation of the surface exposed to the solution. (b) SPS adsorption on the surface
mediated by gold adatoms, leading to the creation of vacancy islands. (c) Initial stage of
the Cu UPD layer growth on the SPS-covered surface, resulting in the formation of Cu UPD
patches. (d) Further growth of the Cu UPD patches, which forces the SPS molecules to
release the gold atoms. This leads to the formation of gold islands, which in turn get covered
by the Cu UPD layer. The Cu UPD exhibits islands with a step height of a Au(111) step. (e)
Gold surface after stripping of the UPD layer; the gold islands disappear due to gold atom
diﬀusion as well as re-adsorption of SPS. Re-adsorption of SPS also leads to formation of
new vacancy islands. We did not consider the possible splitting of the SPS molecules to
MPS molecules upon adsorption. This, however, does not inﬂuence the main conclusions
of our model.
is accompanied by the formation of surface vacancy islands, see Fig. 3.13b. This is
indeed the case, as can be seen in Fig. 3.9b. Also, vacancy islands are commonly
observed as a result of thiol adsorption [72–74]. As we change the sample potential to
more cathodic values, adsorption and reduction of Cu at the surface starts, leading to
the formation of a Cu UPD layer. We observe that the UPD layer nucleates at the SAM
defects, see Fig. 3.9b, from where it grows out, thereby squeezing the thiol molecules
together. These molecules stay adsorbed on the gold surface and thus prevent the
UPD layer from covering the whole surface, see Fig. 3.13c. We propose that this is the
reason for the formation the UPD layer in patches. At a certain potential, when the UPD
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coverage reaches a critical value, the thiol molecules are squeezed together so much
that the repulsive interaction between them exceeds their binding energy to the gold.
As a result, thiol molecules leave the gold surface and diﬀuse either into the electrolyte
or onto the neighboring Cu UPD patches, see Fig. 3.13d. In this process they leave
behind their gold atoms. Those gold adatoms, in turn, diﬀuse in the UPD-free regions
of the surface and form small islands. These islands are then immediately covered by
a copper UPD layer that stabilizes them against further diﬀusion, see Fig. 3.13d and
Fig. 3.9e. Since the area around the islands as well as the islands themselves are
covered by a Cu UPD layer, the apparent height of the islands, as measured with the
STM, precisely equals the height of a Au(111) step. From now on, we refer to these Cu
UPD islands as islands with a height of a monatomic Au(111) step. If, at this stage, the
potential is increased to more anodic values, the Cu UPD layer is stripped, uncovering
the gold surface, see Fig. 3.9f and 3.13e. The smaller gold islands rapidly disappear
due to the high surface mobility of gold at room temperature, whereas the larger ones
can remain present for some time, as observed experimentally, see Fig. 3.9f. Also, SPS
molecules re-adsorb on the gold surface, again claiming gold adatoms, which could, in
addition, be partly responsible for the annihilation of small gold islands and should also
lead to the creation of new vacancy islands, see Fig. 3.13(e). This is again consistent
with experimental observations.
The proposed model explains also well the double peak in the CV of the Cu UPD in
the presence of SPS in the Cl–-containing solution, as well as its waiting time depen-
dence that is related to the SPS coverage, see Fig. 3.8. Based on the STM measure-
ments, peak "I" of the UPD layer formation is attributed to the Cu UPD patch formation.
At the moment when the thiol molecules are forced to leave the gold adatoms by the
growing Cu UPD patches, SPS-free gold islands are created that are immediately cov-
ered by the Cu UPD layer, thus resulting in peak "II". We would expect the ratio between
the two peaks to change, depending on both the thiol coverage on the surface prior to
the UPD layer formation and on the domain size of the SAM. If the SPS coverage is
low, the SAM would exhibit a large number of defects, such as e.g. domain boundaries.
This would allow the UPD patches to nucleate and grow easily, leading to a sharp and
well-pronounced peak "I". Higher coverage would lead to a better quality SAM. In this
case the UPD patch nucleation and growth would be hindered more, as compared to
lower SPS surface coverage, leading to a broader and smaller peak "I". The amount
of gold released by SPS, i.e. the surface area of the gold islands, created in the sec-
ond stage of the UPD layer formation, would also be dependent on the SPS coverage.
Higher surface coverage would lead to a larger area of gold islands on the surface and
to a larger peak "II" in the CV.
The above is exactly what we observe experimentally, see Figs. 3.7 and 3.8. The CV
of the gold surface that has been exposed for a short time to SPS-containing solution
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shows a higher peak "I" and a much smaller peak "II". When the surface is kept for
some time at potentials around 710 mV, the SPS surface coverage and the SAM quality
increase. This leads to a decrease in height and broadening of peak "I" as well as
increase in height of peak "II".
It is tempting to quantify the adatom-mediated binding of the thiols to the Au surface
in more detail. In general, one can distinguish two diﬀerent cases [6, 7]. We deﬁne
a dithiol linkage as the binding of one SPS (or two MPS) to one Au adatom, and a
monothiol linkage as the binding of two MPS (or one SPS) to two Au adatoms. In order
to receive more information on the type of linkage, one can compare the amount of
adsorbed SPS molecules with the surface area of either the vacancy islands or the gold
islands that emerge during the Cu UPD growth. The percentage of the surface occupied
by the vacancy islands after the adsorption of the SPS molecules equals 6% 2.6%,
as estimated from several experiments. The gold islands after the growth of the Cu
UPD layer occupy 5% 2.9% of a monolayer. We attribute this large spread to active
mono-vacancy and Au adatom diﬀusion and the existence of steps that are sources
and sinks for both species. The speciﬁc conditions of SPS adsorption might also play
a role, changing the balance between the rate of mono-vacancy creation, the time for
diﬀusion, and the size of the vacancy islands. The coverage of the surface by the SPS
molecules is hard to estimate from our experiments. As one can see in Figs. 3.9b and
3.9d, the surface is covered by a large number of small ordered domains of the thiols,
separated by disordered regions. The area occupied by one SPS molecule (or two
MPS molecules) in these domains is approximately 2.7 nm2. If we would assume that
the whole surface is covered by a single ordered domain of SPS, 3.5% of the surface Au
atoms would be incorporated as adatoms in the SAM in the case of a dithiol linkage and
7% in the case of monothiol linkage. Comparing these values with both the vacancy and
the island coverage, we are unable to distinguish between monothiol or dithiol linkage.
So far, in the description of our model, we have assumed the presence of Cl– in the
electrolyte. However, as we have mentioned above, the model can be applied without
major modiﬁcations to the case of the Cl–-free solution, as we observe the same general
Cu UPD layer growth behavior in experiments with and without Cl–, compare Fig. 3.9
with Fig. 3.12. Similar to the Cl–-containing case, the Cu UPD layer growth proceeds
in two distinct steps in the solution withou Cl–: ﬁrst, patches of the UPD deposit appear
and grow out, which is followed by the growth of islands with a Au(111) step height, see
Fig. 3.12. However, the stages of the Cu UPD layer growth that are shown in Fig. 3.13c
and d occur not consecutively, as in the case with Cl–, but rather simultaneously. Thus,
as the patches of the Cu deposit start to grow, the SPSmolecules that are bound to gold
atoms, can diﬀuse onto the patches and, probably, from the patches to the Au surface.
The latter is possible since the binding energy of thiols to Au(111) is 1.64 – 2.3 eV [122],
which is comparable to 2.08 eV for a thiol-Cu(111) bond [116]. We attribute the lower
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stability of the patches and a possible lower diﬀusion barrier for the SPS to the lower
aﬃnity of SO–4 to the Cu UPD deposit, as compared to Cl
–, see the discussion in Sec-
tion 3.4.2. The diﬀerence between the CV’s in Cl–-containing and Cl–-free electrolyte,
see Figs. 3.7 and 3.11a, can be explained using the same argument. The Cu UPD
deposition peak in the Cl–-free solution can not be clearly separated into two peaks,
as opposed to the electrolyte with Cl–, since the processes of the growth of the UPD
patches and the formation of the islands happen almost simultaneously. We cannot,
however, unambiguously explain the Cu UPD stripping peak in the Cl–-free electrolyte.
Based on the arguments discussed in Section 3.4.2, we think that the observed peak
shape is due to a strong incorporation of the SPS into the UPD layer.
3.5.2 Further support for the proposed model: lifting of the her-
ringbone reconstruction by Cu UPD
Our model, proposed in the previous subsection, assumes ﬁrstly that small gold islands
are formed, when the SPS molecules release their gold atoms, and secondly that these
small gold islands are stabilized due to the immediate covering by the Cu UPD layer. In
addition, when stripping the Cu UPD layer, small gold islands should quickly disappear
due to surface diﬀusion. Larger islands may remain present for some time after the Cu
UPD layer stripping.
We test the above points by using the lifting of the herringbone reconstruction of
Au(111). This reconstruction contains an excess of Au-atoms of 1 extra atom per 22.5
surface atoms. The reconstruction is lifted in SO–4- (or Cl
–) containing electrolytes at
potentials above approx. 300 mV (150 mV for Cl–) due to anion adsorption [123]. If
Cu2+ ions are present in the electrolyte, the copper cations are adsorbed at the surface
at potentials more negative than the values mentioned above, leading to the Cu UPD
layer formation and also preventing the Au(111) surface reconstruction. Thus, the her-
ringbone reconstruction of the Au(111) surface in a Cu2+- and SO–4- (or Cl
–-) containing
electrolyte generally cannot exist. Note, that lifting of a surface reconstruction by metal
UPD has been observed experimentally and is reported in the literature [124–127]. Most
of these studies have been conducted on systems, where there is a potential range in
the metal-ion-containing electrolyte, at which the surface reconstruction exists.
Similar to the scenario of Fig. 3.13 of our model, we now expect the following. If
a freshly prepared, reconstructed Au(111) surface would be immersed into a copper-
free, but SO–4-containing electrolyte under potential control, while keeping the sample
potential below 300 mV, the herringbone reconstruction should persist [123]. If after-
wards Cu2+ ions would be injected into the solution, it should force a rapid lifting of the
reconstruction. The excess gold atoms should be ejected and should lead to the forma-
tion of (metastable) small gold islands. Since at these potentials the Au(111) surface is
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covered by the Cu UPD layer, also these islands rapidly should become covered by the
Cu UPD layer. This, in turn, should reduce the mobility of the gold, thereby eﬀectively
stabilizing the islands.
Figure 3.14: STM images of the lifting of the herringbone reconstruction by Cu UPD layer
formation. (a) Diﬀerentiated image of the reconstructed Au(111) surface in 0.1 M H2SO4 at
200 mV. (b) Au surface after introduction of Cu2+ ions into the solution at the same potential.
Small, monatomically high Au islands are covering the surface. (c) Stripping of the Cu UPD
layer by sweeping the potential from 200 mV to 400 mV. The small islands disappear quickly
at the top of the image and large islands appear. Note that the clusters on the terraces are
imaged with a multiple-tip in (b) and with a triple-tip in (c); the three steps in the images are
real. The size of all images is 250 250nm2. The tunneling parameters are: tip potential
between 0mV and 100mV, tunneling current between 500 pA and 1nA.
We have conducted this experiment using our ﬂow-cell, which allows an in-situ ex-
change of electrolytes during STM imaging while maintaining potential control. The
STM images at diﬀerent stages of the experiment can be seen in Fig. 3.14. Figure
3.14a shows the reconstructed Au(111) surface in a Cu-free solution. Afterwards, the
Cu-containing electrolyte was pumped into the cell. A network of small islands with the
height of a monatomic Au(111) step emerges at the Cu UPD covered Au(111) surface,
see Fig. 3.14b. The geometry of the network of islands is reminiscent of that of the
herringbone reconstruction. Note that there is a multiple-tip in 3.14b and a triple-tip in
3.14c. Both tip problems aﬀect only the imaging of the smaller clusters on the terraces;
the three steps in the images are real. We found it rather diﬃcult to get a stable and
sharp tip during the Cu UPD layer formation on the reconstructed Au(111) surface. In
Fig. 3.14c the sample potential is swept to a value above the dissolution potential of the
Cu UPD layer. The small islands disappear rapidly as soon as the stripping potential
is reached, see top of Fig. 3.14c, and some larger gold islands appear. The surface
morphologies, observed in Figs. 3.14a, 3.14b, and 3.14c, precisely meet the expecta-
tions described above and verify the model proposed in the previous section: small gold
islands get indeed stabilized by the Cu UPD layer.
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3.5.3 Confronting our model with the literature
Analyzing the literature on UPD layer growth on the Au(111) surface that is modiﬁed by
thiol SAMs, we can further generalize our model. In many studies the UPD growth of
Cu [75–77, 91], but also of Ag [87], was found to proceed in distinct steps, starting with
a lower-apparent-height deposit (patches) that is followed by the appearance of higher
islands on the surface. The nature of these islands has been attributed to bilayers
of the UPD deposit forming under the SAM [91], or to the formation of islands of thiol
molecules with a more dense structure than the SAM [75, 77], but also to monatomically
high gold islands [88] (based on the island height analysis). However, judging from the
STM images in [75–77, 87, 91], we argue that the process observed in these studies is
the same, or at least very similar, to the one proposed here.
Some authors have observed island formation on thiol SAM-covered surfaces in
metal-ion-free solutions, and have claimed that the islands are due to the thiol molecule
reorientation at the surface [75]. However, in our studies we have never observed island
formation in SPS-containing electrolytes in the absence of Cu2+.
3.6 Additional observations
In this section we present additional experimental observations to ﬁrstly shed light on
the interplay between anions coadsorbed during Cu UPD layer formation and adsorbing
SPS, and secondly to provide additional support for the general nature of our model.
3.6.1 Adsorption of SPS onto pre-grown Cu UPD layers: the eﬀect
of anions
In the following we present results on SPS adsorption onto an already formed Cu UPD
layer on Au(111) that was grown in the absence of SPS and either in the presence or in
the absence of Cl– ions in solution. The motivation for these experiments is threefold.
Firstly, we would like to test our explanation for the observed diﬀerences between the Cu
UPD in SPS-containing solution with and without Cl–, see Section 3.4.2. Secondly, we
would like to check whether SPS is coadsorbed during the Cu UPD. Finally, we would
like to see whether the structure of the UPD layer with the SPS is diﬀerent as compared
to the UPD layer formed without the SPS.
The experiments were performed as follows. First, the sample was mounted in the
STM and brought in contact with an SPS-free solution containing 0.1M H2SO4 and
10mM CuSO4 in the Cl–-free case, and additionally 1mM HCl for the Cl–-containing
solution. Then, the Cu UPD layer was grown by setting the sample potential to 170mV.
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While keeping the potential at that value and continuously imaging the surface with the
STM, 10 mM SPS was added to the solution.
Figure 3.15a shows an STM image of the Au(111) with a Cu UPD layer in the Cl–-
containing solution prior to the injection of SPS. Note that the UPD layer has a low
density of defects in the presence of Cl–; the main sources for defects, such as domain
boundaries, are the monatomic steps of the Au(111) surface. Also, the tunneling cur-
rent exhibits little noise resulting in a smooth appearance of the surface in Fig. 3.15a.
Approximately 30 s after the injection of the SPS into the solution1, the noise in the
tunneling junction increases and the STM image becomes stripy, see Fig. 3.15b. We
attribute this observation to the initial adsorption of highly mobile SPS molecules on the
UPD layer, but we cannot rule out that the bad image quality is caused by SPS that
is bound to the tip and therefore part of the tunneling junction. We deﬁne the time at
which the image in Fig. 3.15b was taken as t = 0 s, i.e. the time of the onset of the SPS
adsorption2. Figures 3.15 c and d show snapshots of the surface at t = 426 s and at
t = 1705 s respectively. From the images one sees that the Cu UPD layer transforms:
the transformation begins at both the upper and the lower parts of the steps as well as
the domain boundaries in the UPD layer. From the two diﬀerent transformation fronts,
we can conclude that the transformation proceeds in two steps. First, small spots with
diameters between 0.5 nm and 1.5 nm appear on the surface. The average height of
these small spots, as measured with the STM, is 0.14 0.02 nm. Then, higher features
with diameters of up to 10 nm and heights of 0.38 0.08 nm emerge3. It is interesting
to notice that the height of the larger features on the transformed part of the UPD layer
approximately equals the sum of the height of the smaller spots (0.14 0.02 nm) and
the height of a monatomic step of Cu(111) of 0.21 nm. We can conclude that during the
adsorption of SPS, major restructuring of the Cu UPD layer occurs including probably
also the formation of a second Cu layer on top of the ﬁrst one. The whole transfor-
mation process is rather slow: even after 30 minutes  20% of the surface remains
non-transformed.
A possible interpretation of the observed Cu UPD layer transformation is as follows.
Shortly after the injection of SPS into the solution, SPS starts to adsorb everywhere on
the UPD layer. Since the Cu UPD layer in the Cl–-containing solution is terminated by a
densely packed defect-poor Cl– overlayer, the SPS molecules cannot easily reach the
metal atoms (either of the Cu UPD layer or of the Au surface) and make a chemical
sulfur-metal bond. Hence, we assume that SPS is initially physisorbed on the surface,
1It is important to realize that right after the SPS injection, the SPS concentration at the sample surface
increases gradually due to the diﬀusion in the liquid cell towards the surface; the surface concentration
reaches a constant (bulk) value after approx. 3 minutes.
2The times stated here refer to the start of the recording of the STM images
3Please note that both the small spots and higher features are diﬀerent in nature and size from the
patches and islands, observed in Section 3.4.1
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Figure 3.15: STM images of SPS adsorption onto a pre-grown Cu UPD layer on Au(111)
in a Cl–-containing solution. (a) The complete Cu UPD layer prior to the injection of SPS.
(b) The initial adsorption of SPS indicating high mobility. The adsorption results in a slow
transformation of the UPD layer with two transformation fronts, as can be seen in (c) after
t = 426 s and in (d) after t = 1705 s. The images (a)-(d) are taken at a surface potential
of 170 mV . In (e) the potential was swept from 200 mV to 280 mV to strip the UPD layer.
The arrow shows the time axis. In the middle of the lower terrace the non-transformed part
of the Cu UPD is visible. Note, that although the transformed part of the UPD layer was
stripped at around 230 mV , the non-transformed part remained stable up to 265 mV . (f)
The surface at 300 mV after complete desorption of the UPD layer. An unstable tip lead to
the rough appearance of the terraces. The size of all images is 200 200nm2.
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Figure 3.16: Model of SPS adsorption onto a pre-grown Cu UPD layer in a Cl–-containing
solution. (a) Initial adsorption of SPS molecules in the vicinity of a monatomic step. Cl is
desorbed in the vicinity of the adsorbed SPS. (b) Further adsorption of SPS on the uncovered
Cu layer. This leads in the appearance of the small spots in the STM images. (c) Additional
SPS adsorption results in the redistribution of the Cu atoms within the UPD layer. This
results in larger features, as observed with the STM.
leading to the stripy STM image, see Fig. 3.15b. However, at the UPD layer defects,
such as domain boundaries and monatomic steps, the metal atoms are not completely
covered by the Cl– overlayer, see Fig. 3.16a. Thus, a sulfur-metal bond is readily formed
at these locations. This chemical bond changes the electronic properties not only of the
metal atoms participating directly in the bond, but also of the atoms in the vicinity of
the adsorbed thiol [128]. In turn, this may lead to a weakening of the Cl-Cu bond in
the vicinity of an adsorbed SPS molecule, resulting in a partial (or complete) Cl des-
orption from the UPD layer, as depicted in Fig. 3.16a. This desorption would expose
new Cu atoms, which would be otherwise protected by the Cl overlayer, and to which
SPS can bind to, see Fig. 3.16b. This mechanism leads to the propagation of the ﬁrst
transformation front of the UPD, i.e. the appearance of the small spots, see Figs. 3.15
c and d. As more SPS molecules are adsorbed, the UPD layer undergoes a second
transformation, resulting probably in the rearrangement of the Cu atoms in the layer1,
see Fig. 3.16c. This rearrangement leads to the second transformation front, resulting
in the formation of higher features, as observed in Fig. 3.15d. We think that a part of the
original Cl overlayer might remain coadsorbed with the SPS after the transformations.
If the potential is slowly raised towards more positive values, ﬁrst the transformed
part of the UPD layer is stripped at potentials around 230 mV, see Fig. 3.15e. It is not
completely clear, whether the transformed UPD layer is stripped completely or whether
1Please note that, although we assume that the total number of Cu atoms on the surface remains
unchanged, exchange processes between the surface and the solution can take place.
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there still remains some deposit. The non-transformed part, see in the middle of the
large terrace, of the Cu UPD layer seems to be unchanged until the potential is further
raised to 265 mV. Above 265 mV the complete UPD layer is removed independently
whether it was transformed or not. Right after stripping at a potential of 300mV, the
Au(111) surface appeares rather disordered, see Fig. 3.15f. We think that this is due to
adsorption of the SPS onto the Au surface, accompanied by the creation of vacancies,
see Section 3.5.1. An indication for this is given by the fact that, after some time, the
Au surface becomes similar to the one shown in Fig. 3.9b, exhibiting larger vacancy
islands and domain patches of an ordered SAM.
If there is no Cl– present in the solution, the adsorption of the SPS onto a pre-grown
Cu UPD layer proceeds diﬀerently. Figure 3.17a shows an image of the surface at the
onset of the SPS adsorption. The adsorption of the SPS and consequently the trans-
formation of the UPD layer proceeds much faster without Cl–: after around 220 s the
transformation is complete, whereas in the Cl–-containing solution the transformation is
not ﬁnished even after 1800 s. At the bottom of Fig. 3.17a the UPD layer is still intact,
but at the top, after approximately 80 s, patches of transformed regions start to appear.
Note, that the transformation in the Cl–-free solution is diﬀerent form the Cl–-containing
case, as it proceeds only with one transformation front, see Fig. 3.17b. The nucleation of
the transformed regions occurs at the UPD layer defects. Since the Cu UPD layer in the
solution without Cl– contains more defects than the UPD with Cl–, see Fig. 3.3a, the nu-
cleation density is higher and nucleation occurs not only at the monatomic steps but also
at defects on the ﬂat terraces. The height of the transformed layer is 0.13 0.02 nm.
Please note that, within the error margin, the heights of these transformed regions and
the small spots in Fig. 3.15 are the same. In addition, higher features start to appear
on the transformed UPD layer that might be compared with the features of the second
stage of the transformation in the Cl–-containing case, see Fig. 3.17d. Please note one
signiﬁcant diﬀerence: the larger features are formed during a second transformation
behind a moving front in the Cl–-containing case, whereas here the features occur "ev-
erywhere" on the transformed UPD layer. We measure the height of the features to be
0.40 0.06 nm. Their lateral size is between 1 nm and 2nm, which is smaller than the
size of the similar features in the Cl–-containing electrolyte.
As mentioned above, the transformation of the UPD layer in the Cl–-free solution
starts at surface defects, such as domain boundaries and monatomic steps, and pro-
ceeds in a generally similar way, as in the Cl–-containing electrolyte. Thus, we assume
that the atomic processes responsible for the transformation in the Cl–-free solution may
be described by the model in Figs. 3.16 a and b. However, the second transformation
front is not observed in the Cl–-free solution. We propose that the reason for that are the
diﬀerent initial values of the surface coverage of Cu in the UPD layer in Cl–-containing
and Cl–-free electrolytes: it amounts to 0.75 of a monolayer with Cl– and to 0.66 of
3. CU UPD ON AU(111) AND THE EFFECT OF THIOL-BASED ADDITIVES 81
Figure 3.17: STM images of SPS adsorption onto a pre-grown Cu UPD layer in a Cl–-free
solution. In (a), (b) and (c) are three consecutive images, displaying the SPS adsorption
process. SPS was injected into solution before image (a) was taken. Image (a) was ac-
quired with a rate of 120 s/image and images (b) and (c) were acquired with a rate of 87
s/image. (d) shows the surface t = 860 s after the onset of adsorption. Higher features are
visible. The inset in (d) shows a zoom-in onto a non-transformed part of the surface. Note,
that the surface drifted about 30 nm in the vertical direction between images in (c) and (d).
All images were acquired at a surface potential of 170 mV. Images (a)-(d) have a size of
250 250nm2, and the inset in (d) has a size of 12 12nm2. The tunneling parameters
are: 52mV tip potential, and 300 pA tunneling current.
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a monolayer without Cl– but with sulfate1 [23, 103, 112]. If we assume that the ﬁnal
surface coverage of Cu after the SPS adsorption on the UPD layer is the same in both
cases, more Cu atoms are expected to be expelled from the layer in the solution with
Cl–. This could explain the formation of the features during the second transformation
step, see Figs. 3.15 c and d.
Based on the above described observations, we can conclude that SPS does adsorb
on the Cu UPD layer in both cases, i.e. with and without Cl– in the solution. This also
strongly suggests that during the formation of the Cu UPD layer in the presence of the
SPS in the solution, additional SPS is coadsorbed leading to a possible incorporation
into the UPD layer. Obviously, the structure of the UPD layer with SPS must be diﬀerent
than without SPS, despite a good match between the charge densities associated with
the UPD layer formation in the SPS-free and SPS-containing solutions, see Section
3.4.1.
Figure 3.18: Time evolution of the relative surface coverage of the transformed part of the
Cu UPD layer at surface potentail of 170mV in: (a) Cl–-containing electrolyte (ﬁrst transfor-
mation front); (b) Cl–-free electrolyte.
Let us in the following consider the time needed for the transformation of the Cu UPD
layer after SPS injection of both the Cl–-free and Cl–-containing solutions, see Fig. 3.18.
The transformation (and related adsorption) proceeds one order of magnitude faster
in the solution without Cl–. The adsorption of the SPS must be accompanied by the
displacement and/or desorption of the anions that are bond with the UPD layer. The
kinetics of the SPS adsorption is, therefore, inﬂuenced by the binding energy of the
anions to the Cu of the UPD layer: the stronger the anion binds to the Cu of the UPD
layer and the smaller the diﬀerence in binding energy is between the SPS and the anion
to the Cu, the slower will be the SPS adsorption and the UPD transformation. This trend
is reﬂected in 3.18, where the transformation occurs much slower for the Cl–-containing
1A monolayer corresponds to the surface concentration of gold atoms of an ideal (111) surface.
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case. Indeed, we expect the UPD with Cl– more stable, as Cl binds stronger to copper
than sulfate, see Section 3.4.2. In addition, the Cl bond to Cu is only slightly weaker
than the thiol-copper bond.
Finally, let us discuss the model from Section 3.5.1 in the light of our results on SPS
adsorption on a pre-formed Cu UPD layer. In the model we have assumed that, during
the initial stages of Cu UPD, the growing Cu UPD patches are covered with Cl– (or
SO2–4 ), whereas the thiol molecules stay only adsorbed on the Au(111) surface via gold
adatoms, see Fig. 3.13c. However, the new insights of the present subsection indicate
that our model is inaccurate with respect to the formation of the Cu UPD patches, as
we have clearly shown than SPS adsorbs on a pre-formed SPS-free Cu UPD layer.
One has to remember that in our electrolyte compositions, which we used throughout
this chapter, we have a 104 times higher SO2–4 concentration and, in a Cl
–-containing
solution, a 100 times higher Cl– concentration, than the concentration of SPS. On the
other hand, the formation of the Cu UPD layer is a fast process, as we have shown in
Fig. 3.6c. Thus, the species that are abundant are expected to preferentially coadsorb
with Cu2+ during the initial formation of the UPD patches. This justiﬁes our assumption
that the Cu UPD patches are initially covered with Cl– (or SO2–4 ). Furthermore, it is
rather naive to assume that the SPS molecules stay bound to Au adatoms until they are
squeezed enough to be able to leave the adatoms. More realistically, for every coverage
of the surface by the Cu UPD patches there is a certain rate of SPS detachment from
the Au adatoms, which increases with the decreasing potential (increasing coverage by
the UPD patches) and reaches its maximum at the potential of peak "II" in Fig. 3.7. If
this is the case, only one peak should be visible in the CV for Cu UPD layer formation,
if the potential sweep rate is slow enough to allow the system to approach equilibrium
at each potential value. Indeed, this is exactly what we observe, see Fig. 3.19.
Using the above considerations, as well as the results of this subsection, we come
up with two possible scenarios of the Cu UPD layer formation. We ill start with the
description of the ﬁrst scenario. At the initial stages of the UPD layer formation in the
presence of SPS, the UPD patches consist of a Cu layer with coadsorbed Cl– (or SO2–4 )
overlayer, see Fig. 3.20a. As these patches grow out, more and more SPS molecules
leave their Au adatoms and diﬀuse onto the UPD layer, probably displacing the Cl atoms.
This should lead to the transformation of the UPD layer, similar to what is shown in
Figs. 3.15c-d and 3.16. In our experiments on SPS adsorption on a preformed Cu UPD
layer in a Cl–-containing solution, we have attributed the second transformation front
to such a transformation. However, we do not see any transformation of the Cu UPD
patches that grow on a Au(111) surface in the presence of SPS, see Figs. 3.9a and c.
We propose that we do not see such transformation, since the change of the structure
of the Cu UPD patches due to SPS is accompanied by a lateral spread of the patches,
which is depicted in Fig. 3.20b. Such a lateral spread is impossible in the case of SPS
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Figure 3.19: Linear sweep voltammograms of Au(111) in a solution containing
0.1M H2SO4, 10mM CuSO4, 1mM HCl, and 10 mMSPS acquired at 30 mV/s (dashed line)
and 0.5 mV/s (solid line) sweep rates from higher to lower potential. At the fast sweep rate,
the double-peak of Cu UPD is observed, whereas at the slow sweep rate, a single peak is
found.
adsorption on a preformed Cu UPD layer, thus the excess Cu atoms are redistributed
within the layer, leading to the observed second transformation front, see Figs. 3.15c-d.
Although the concentration of SPS in our experiments is much smaller than the con-
centration of the anions, we still cannot rule out the coadsorption of SPS from the so-
lution during the initial formation of the Cu UPD patches. Hence, we propose an alter-
native scenario, which could both ﬁt our model from Section 3.5 and the results of this
subsection, and also takes into account the coadsorption of SPS with Cu during the
UPD. Let us assume that initially the Cu UPD patches are covered with the coadsorbed
SPS molecules as well as with the coadsorbed anions, see Fig. 3.20c. The patches
have the structure of the ﬁnal, completed Cu UPD layer with SPS. As the potential is
lowered, the patches grow out, forcing the SPSmolecules adsorbed on Au to leave their
Au adatoms. The molecules then either desorb into the solution, as they cannot diﬀuse
onto the Cu UPD layer, which is already occupied by SPS molecules, or they diﬀuse
onto the edges of the growing UPD patches, which are not yet covered with the SPS
adsorbed from the solution, see Fig. 3.20d.
Thus, we have shown that the results of our experiments presented in this section
can be used to complement our model of Cu UPD layer formation in the presence of
SPS. Although, the model is probably correct in general, the particular details of the
UPD layer formation process still remain uncertain. One possibility to get more details
on the process is to study the Cu UPD layer formation in solutions with diﬀerent SPS
concentrations, as an extremely low concentration would result in the ﬁrst scenario of
Fig. 3.20, whereas a high SPS concentration would probably favor the second scenario.
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Figure 3.20: Two possible scenarios for the growth of the Cu UPD patches on Au(111)
in the presence of SPS. In the ﬁrst scenario, the UPD patches are initially covered by the
coadsorbed Cl– (or SO2–4 ) (a). As the patches grow out, the SPS molecules detach from
their Au adatoms and diﬀuse onto the UPD patches, leading to the Cl– desorption and the
transformation of the UPD structure (b). The transformation leads to the lateral spread of
the UPD patches. In the second scenario, the UPD patches are initially covered by the
coadsorbed SPS. As they grow, the SPS molecules, which are bound via Au adatoms to the
Au surface, are either desorbed to the solution, or diﬀuse onto the edges of the growing Cu
patches, which are not yet covered with the SPS (d).
3.6.2 Cu UPD on a hexanethiol-modiﬁed Au(111) surface
In Section 3.5 we proposed a model of Cu UPD on Au(111) in the presence of SPS
and claimed, in addition, that our model is of more general nature and holds for metal
UPD in the presence of diﬀerent thiol-like molecules. In this section we present further
experimental support to our claim by measurements of Cu UPD on a Au(111) surface
that has been modiﬁed by a SAM of hexanethiol (C6).
Already here we would like to mention that the results in this subsection should be
taken with some caution, as we found a strong inﬂuence of the tip on the processes ob-
served with the STM1, see also Appendix B. Figure 3.21 shows the CVs of the Au(111)
surface in the presence of C6. At a tip potential of 50mV we observe the formation of
the Cu UPD layer under the tip at the surface potential of 450mV, which is about 200mV
more positive that the closest deposition peak in the CV’s of the system, see Fig. 3.21.
Thus, the tip probably changes the surface potential locally in the area being imaged.
We also found that the magnitude of this local surface potential shift is dependent on the
tip potential. However, we did not study this dependence systematically. Further, our
1No tip inﬂuence was observed in the case of SPS.
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STM measurements at diﬀerent tip potentials suggest that the general process of the
Cu UPD layer formation, i.e. growth of patches and subsequent appearance of islands,
remains unaﬀected by the vicinity of the tip. All measurements presented further in this
subsection were conducted with a tip potential of +50 mV.
Concerning the inﬂuence of C6 on the Cu UPD formation, we performed two sets
of experiments: in the one case the C6 were pre-adsorbed on Au(111) followed by
an experiment using a C6-free solution, whereas in the other case we used a solution
containing the C6 directly. In the ﬁrst case, we have prepared a SAM of C6 by immers-
ing the Au(111) single crystal into a C6-containing ethanol solution for  24 hours with
subsequent rinsing in ethanol and in ultra-pure water, following a procedure described
in Ref. [75]. After that the sample was mounted into the electrochemical cell and ex-
posed to a C6-free electrolyte. The C6-free electrolyte composition was 0.1M H2SO4,
10mM CuSO4, and 1mM HCl in ultra-pure water. In the other case, we have exposed
the crystal directly to a C6-containing aqueous electrolyte. Despite the poor solubility of
C6 in aqueous solutions (solubility in water 0.047g/l), we could achieve a concentration
of  2 mM. Based on our studies of the SAM’s of SPS, as well as from experiments
found in literature [129], this concentration should be high enough for producing a C6
SAMon Au(111). Please note that, referring to literature, the latter method is barely used
for the formation of an alkanethiol SAM. With the STM we did not observe a diﬀerence
between the SAM’s prepared by the two diﬀerent methods.
Figure 3.21: CV’s of Au(111) crystals, covered with SAM’s of C6, which were prepared in
two diﬀerent ways. (a) The C6 SAM was prepared by immersion into a 2 mM C6 solution in
ethanol for 48 hours. The CV in (a) is measured in a solution containing 0.1M H2SO4, 10mM
CuSO4, and 1 mM HCl. (b) The SAM was prepared by the addition of 20 mM C6 directly
into the same solution as in (a), which was in contact with a C6-free Au(111) crystal. The
CV’s in (b) were acquired prior to C6 addition to the solution (dashed line) and 30 minutes
after adding C6 (solid line). The potential sweep rate is 30 mV /s.
Figure 3.21a shows a CV of Au(111), pre-covered with a SAM of C6, in the C6-free
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electrolyte. A decrease of the Cu UPD deposition and dissolution peak currents and of
corresponding transferred charges by two orders of magnitude, as compared to the CV
of a C6-free surface (Fig. 3.4), indicates good passivation of the gold surface by the C6
molecules. In fact, it has been shown that alkanethiol SAM’s act as barriers for metal
deposition onto metallic surfaces [76, 87]. A broad deposition peak found between
400 mV and 150 mV is distinguishable in the CV, which can be assigned to the Cu
UPD; this peak is not observed in Cu-free electrolyte. We attribute this peak to the Cu
UPD layer formation at the defects of the SAM and/or possible contaminants since the
charge1 of  9 mC/cm2, associated with this peak, makes up only  3% of the charge
of 360 mC/cm2, transferred during the UPD layer formation on a clean Au(111) surface.
Also note that the capacitive currents in the double-layer region are decreased roughly
by a factor of 3 for the C6-covered surface, as compared to the clean Au(111) surface.
This decrease can be explained by the decrease of the double-layer capacitance due
to the C6-layer adsorption that leads to an increase of the double-layer width.
Figure 3.21b shows a CV of Au(111) in the C6-containing aqueous electrolyte. After
approximately 30 minutes of exposure, the Cu UPD current peaks are suppressed. The
charge density of the UPD layer formation amounts to 70 mC/cm2, which is smaller the
charge density associated with the UPD layer formation on a C6-free Au(111) surface.
However, the Cu UPD peak position on the potential axis remains almost unchanged,
as compared to the clean Au(111) surface. Also, its height as well as the area under
the peak are signiﬁcantly larger compared to the peak found in the CV of the Au(111)
in the C6-free electrolyte, but pre-covered with a SAM of C6. A possible reason for
this observation might be that a SAM of C6 that is prepared from the aqueous solution
contains either signiﬁcantly more defects (e.g. in the form of domain boundaries) or does
not completely cover the entire surface.
It is important to mention here the irreproducibility of the CV’s, as has been also
reported in the literature [130, 131]. Firstly, there is a strong variation in the shape of
the CV’s even during the very ﬁrst potential sweeps for the C6 pre-covered Au(111)
case. Secondly, in the cases of the C6 pre-covered Au(111) CV’s constantly change
upon subsequent sweeping of the potential, even if the potential range is decreased
such that no oxidative or reductive desorption of the thiols is expected. Thirdly, we
always observed dramatic changes in the CV’s when the potential reaches the value of
copper bulk deposition.
Figure 3.22a shows a typical STM image of Au(111) in the C6-containing aqueous
electrolyte 30 minutes after the addition of C6 to the solution. We would like to mention
here that the STM images of Au(111), pre-covered with a SAM of C6, in the C6-free elec-
trolyte looked essentially the same. We observe monatomically deep vacancy islands
1Please note that this charge value is only approximate, since it is diﬃcult to distinguish the UPD peak
from the double-layer (re)charging currents in the CV.
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with a Au(111)-step height. These vacancy islands are characteristic for thiol adsorp-
tion on metal surfaces, see Section 3.4 and [72–74]. The areal fraction of the vacancy
islands ranges from 6% to 12%, which is in good agreement with the literature [68]. The
areas between the vacancy islands and the surface at the bottom of the vacancy islands
are covered by several diﬀerently ordered SAM domains.
Two diﬀerent SAM structures can be observed in Fig. 3.22b that is acquired at
520mV. The ﬁrst structure has a hexagonal arrangement of the molecules with a near-
est neighbor distance of 1.18 nm  0.21 nm. In the second structure, the molecules
are aligned in stripes. The distance between the stripes is 1.72 nm  0.32 nm. The
distance between the single molecules within the stripes is 0.46 nm 0.06 nm. If the
potential of the sample is changed to more positive values (up to 800 mV), the whole
surface becomes covered by the hexagonal-like SAM structure, whereas the striped
structures prevails, if the potential is changed to more neg-
ative values. On ﬁrst sight, one might have the impression that these structures have
diﬀerent C6 densities. However, as the structural change is fully reversible upon several
potential cycles in the C6-free electrolyte, there is probably no C6 desorption into the
bulk electrolyte.
Upon the decrease of the sample potential to  450 mV small patches start to nu-
cleate and grow on the terraces (see Fig. 3.22c), similar to those described in Section
3.4.1. The patches observed here have a height of 0.11 0.02 nm, which is compara-
ble to the height of 0.10 0.03 nm of the patches, observed with the SPS. Similar to the
observations in Section 3.4.1, the patches nucleate on the terraces, and not preferably
on the steps or surface defects (in contrast to the thiol-free surfaces). We expect the
patches to nucleate at the domain boundaries of the C6 SAM, similar to the observations
in Section 3.4.1. If the potential is lowered to  430 mV, the patches grow together and
islands with a height of 0.23 0.02 nm appear, see Figs. 3.22 c and d. As in the case
of the SPS, this height corresponds well to a monatomic step on Au(111) of 0.235 nm.
Closer inspection shows that these islands nucleate at the surface positions between
the patches, as also happens in the SPS case. The lateral size of these higher islands
increases upon further reduction of the potential. The lateral growth stops when the Cu
UPD layer formation is ﬁnished. Also, the vacancy islands, observed prior to the Cu
UPD layer formation (Fig. 3.22a) become smaller and some even disappear completely
during the growth of the patches and the nucleation and growth of the higher islands1.
Figure 3.22d shows an STM image at the surface potential of 350 mV after the comple-
tion of the Cu UPD layer formation. As in the case of the SPS, the surface is covered
with islands with a monatomic Au(111) step height. Also, several vacancy islands are
visible.
To ensure that the observed processes are due to Cu UPD layer formation and not
1This is not observed in the case of Cu UPD in the presence of SPS.
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Figure 3.22: STM images of Au(111) in 0.1M H2SO4/10mM CuSO4/1mM HCl and 20 mM
C6. (a) Large scale STM image of the surface covered with a SAM of C6 at a sample poten-
tial of 590 mV . The image size is 220 220nm2. (b) Zoom-in at the C6 SAM at a sample
potential of 520 mV . Two diﬀerent SAM structures are visible. Domains with the striped
structure are marked by black lines. The image size is 50 50 nm2 (c) Cu UPD patches
formed at a sample potential of 450 mV . Inset: zoom-in at the patches, showing a disor-
dered structure. The image size is 400 400nm2 and that of the inset is 15 15nm2 (d)
Islands with a monatomic Au(111) step height at 350 mV . The image size is 500 500nm2.
The tunneling parameters are: 50 mV tip potential, and 300 pA tunneling current.
due to e.g. tip inﬂuence on the SAM of C6, we have performed also EC-STM measure-
ments on a Au(111) surface, pre-covered with a SAM of C6, in the whole potential range
between 540 mV and –60 mV in a Cu-free electrolyte, i.e. with 0.1M H2SO4 and 1 mM
HCl only. We never observed any patch or island growth. After adding the Cu2+ ions to
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the solution, we could again observe ﬁrst the formation of the patches at 450 mV and
further formation of the islands with a monatomic Au(111) step height at slightly lower
potentials. Thus the observed patches and islands must be due to the Cu UPD layer
formation in the presence of the C6.
Comparing the results of this section with the ones presented in Section 3.4.1, we
deﬁnitely can conclude that the Cu UPD layer growth processes in the presence of SPS
or C6 are essentially the same: ﬁrst one observes nucleation and growth of patches
and upon coalescence of them higher islands with a height of a Au(111) step appear.
This conﬁrms the general character of our model and allows its direct application also
to the Cu UPD on a C6-modiﬁed Au(111) surface.
3.7 Conclusions and outlook
We studied the Cu UPD on the Au(111) in a SPS-containing electrolyte. We showed that
the deposition proceeds in two distinct steps: ﬁrstly, we observe UPD patch formation
and growth followed by the appearance of islands with a height of a monatomic Au(111)
step during the coalescence of the patches. We argue that these islands appear due
to the desorption of thiol molecules that were initially bound to gold adatoms. When
disengaged from the thiol molecules during the formation of the Cu UPD layer, these
gold adatoms aggregate to small monatomically high gold islands that are immediately
covered and stabilized by a Cu UPD deposit on top. This leads to the appearance of
islands on a fully closed Cu UPD with a height corresponding to a Au(111) step. Based
on our observations, we proposed a model.
In addition, we provided arguments that all point towards a more general nature of
our model. We showed that the model still holds for the formation of the Cu UPD layer
on Au(111) with diﬀerent anions in the solution: the UPD layer formation is essentially
the same in a Cl–-containing and Cl–-free electrolyte. The slight diﬀerences observed in
the experiments could be explained by the diﬀerences in the binding energies of SO2–4 ,
Cl–, and SPS to the Cu UPD layer. This was conﬁrmed by comparing theoretically
determined values of binding energies of the diﬀerent species found in literature as
well as by conducting SPS adsorption experiments onto the pre-grown Cu UPD layers
in diﬀerent electrolytes. Furthermore, we showed that the model also applies to the
formation of the Cu UPD layer on Au(111) in presence of another thiol (other than SPS),
such as the hexanethiol.
If we paraphrase our model, we can say that the Cu UPD lifts the surface recon-
struction, induced by the thiol molecules. We also showed that, if we grow a Cu UPD
layer on a clean Au(111) surface that is naturally reconstructed, i.e. it exhibits the her-
ringbone reconstruction, small islands appear on the surface, similar to those observed
in the SPS-containing electrolyte. As these islands clearly get stabilized by a covering
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layer of the Cu UPD, this result further supports our model.
We have shown in the SPS injection experiments onto a pre-formed Cu UPD layer
that the structure of this layer changes due to the adsorption of the SPS. The results
of these experiments show that the details of our model have to be further reﬁned. We
propose two speciﬁc scenarios of the Cu UPD layer formation that are consistent with
the results of the SPS injection experiments and also provide additional details for our
model. To supply further proof of the general nature of our model, other systems and
thiols should be studied. In addition, it is not clear how exactly the thiol molecules
behave during the formation of the UPD layer. From the injection experiments we have
evidence that the thiols get incorporated into the UPD layer, but if present before some
might also desorb. Further experiments are required to shed light on these questions.
In the next chapter of this thesis we address one of these points: we investigate the
orientation of the SPS molecules during the Cu UPD.
Finally, even though this chapter provides an extensive view on the role of SPS in
the Cu UPD process on Au(111), the treatment is largely descriptive and we necessarily
refrain from making quantitative statements at this stage. For example, we addressed
the question of a dithiol vs. a monothiol linkage of the molecule to the surface, it was
not possible to distinguish which of the two mechanisms was dominant, due to the large
error margin in our data. It would be possible to address this question with better statis-
tics.
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Chapter 4
Investigation of the behavior of
SPS during Cu UPD with FTIR
and Raman spectroscopy
This chapter focuses on vibration spectroscopy measurements during the Cu UPD on
Au surfaces in the presence of SPS. In particular, we employ in-situ potential dependent
Fourier transform infra-red spectroscopy and surface-enhanced Raman spectroscopy
to study the behavior of the SPS molecules during the Cu UPD layer formation. We ﬁnd
that the SPS molecules "stand up" during the UPD process. Also, the measurements
show that SPS remains adsorbed on the Cu UPD layer after the layer formation has
been completed. The results indicate that an SPS molecule is bound to the surface
initially via a Au atom and later via a Cu atom.
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4.1 Introduction
In Chapter 3 we constructed a model that explains the experimental observations of
the Cu UPD layer formation on Au(111) in the presence of SPS. In part, this model
is based on naive assumptions that do not follow unambiguously from our STM and
electrochemical experiments. For example, we have assumed that the growing Cu UPD
patches "squeeze" the SPS molecules together forcing them at some point to leave
the Au adatoms, to which the molecules are originally bound. It is however not clear
how exactly this "squeezing" occurs. Also, it is unknown what happens with the SPS
molecules that detach from the Au adatoms: they can either diﬀuse and bind to the
growing UPD layer or desorb into the electrolyte. Answering these question using only
STM and electrochemical measurements turns out extremely diﬃcult, if not impossible.
Thus, a spectroscopic technique has to be applied to get further insight.
In this chapter we present the results of in-situ potential dependent Fourier trans-
form infrared spectroscopy (FTIR) and surface-enhanced Raman spectroscopy (SERS)
measurements during the Cu UPD on a Au surface in the presence of SPS. The aim
of these spectroscopic experiments is to test our model and to obtain the missing in-
formation about the processes involved with the SPS that occur during the Cu UPD
growth.
4.2 Experimental details
The FTIR experiments were carried out with a Bruker Vertex 80V IR spectrophotome-
ter [132] in external reﬂection conﬁguration. In this conﬁguration, the infrared beam
from the spectrometer is passed through a CaF2 prism bevelled at 60
 and a thin layer
(3 – 50mm) of solution, after which it is reﬂected back from the electrode through the
solution and the prism into a detector. 100 interferograms were averaged for each spec-
trum with a resolution of 8 cm–1. All spectra were recorded using an angle of incidence
of 60, using p-polarized light. The reference spectrum was acquired at the CV starting
potential where no Faradaic process takes place and the current is almost zero. Then,
spectra at diﬀerent potentials were collected, and the diﬀerence with respect to the refer-
ence spectrum was evaluated as the normalized change in reﬂectivity, i.e. R/R0, where
R and R0 are the reﬂectances measured at the current sample and at the reference po-
tential respectively. In these diﬀerence spectra, negative bands (pointing down) corre-
spond to the appearance of species at the gold/electrolyte interface and positive bands
(pointing up) correspond to the disappearance of species. An Au(111) single-crystal
surface was used as a substrate in the FTIR experiments. Prior to the experiments,
the crystal was annealed in a propane-air ﬂame to red heat and quenched with ultra-
pure water as described in [133]. The electrode was introduced into the solution under
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potential control.
SERSmeasurements were performed with a Jobin Yvon HR 800 spectrograph [134]
with a holographic grating of 600 mm–1. The excitation line was provided by a 20 mW
HeNe laser at 632.8 nm. The laser beam was focused through an Olympus 50× mi-
croscope objective, which was not immersed in the electrolyte, into a 5 mm spot on the
electrode surface. The working electrode was a gold disk of 5 mm diameter embedded
in a Teﬂon sheath. It was mechanically polished with alumina (0.1 mm ﬁnal level) and
was rinsed and treated ultrasonically in NaOH and Milli-Q water before use. Electrode
roughening involved the application of a succession of potential sweep oxidation and
reduction cycles in 0.1 M KCl at 500 mVs–1 from 1.25 V to -0.25 V vs. the Ag/AgCl
electrode, with waiting times of 1.3 s at 1.25 V and 30 s at -0.25 V [135]. All potentials
further in this chapter are quoted vs. Cu/Cu2+ reference electrode.
4.3 FTIR spectroscopy results and discussion
The FTIR measurements were conducted in a solution containing 0.1M K2SO4, 10mM
CuSO4, 50mM H2SO4, 0.1mM KCl, and 10 mM SPS. Note that the pH of the solution
was 1.5, which is higher than the pH of 1 in the previously described STM and electro-
chemical measurements, see Chapter 3. The reason for that is the susceptibility of the
CaF2 prism to acidic media that would lead to its rapid dissolution at pH values below
1.5.
In the following, we will present our results of the FTIR spectroscopy measurements
and discuss them in the light of two alternative assumptions about the orientation of SPS
molecules on a Au(111) surface. The ﬁrst assumption, which states that the molecules
initially lay ﬂat on the electrode surface, is in agreement with the model of Cu UPD layer
formation in the presence of SPS, described in Section 3.5 of the previous chapter. The
second assumption, which states that the molecules are initially "standing" standing on
the electrode surface, despite a good agreement with the measured spectra, is probably
incorrect, as it contains several shortcomings.
Figure 4.1a shows FTIR spectra acquired during the potential cycle from 640mV to
110mV. During the decrease of the potential, an adsorption band at 2918 cm–1 starts
to appear at a potential of ∼ 235mV. This coincides with the potential, where Cu UPD
starts, see Fig. 3.7. The band is related to the asymmetric stretching mode of the CH2
functional group, i.e. uasym(CH2). Please note that the usym(CH2) at ∼ 2880 cm–1 is
not present in Fig. 4.1a. These observations can be explained, if we consider the polar-
ization vector
−→
k of the diﬀerent molecular vibration modes. Firstly, in our experiments
we are sensitive only to the component of
−→
k that is perpendicular to the surface. Sec-
ondly, in the diﬀerential representation of the spectra, as in Fig. 4.1, we are sensitive to
the change of the perpendicular component of
−→
k . We assume that prior to the Cu UPD
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Figure 4.1: FTIR spectra of Au(111) during a potential cycle between 640mV and 110mV
in a solution of 0.1M K2SO4, 10mM CuSO4, 50mM H2SO4, 0.1mM KCl, and 10 mM SPS.
The electrode surface was immersed for about 10 minutes at 640 mV sample potential prior
to the acquisition of the ﬁrst spectrum. (a) shows the wavenumber range of 3050 cm–1 to
2600 cm–1 and (b) shows the range of 1800 cm–1 to 1085 cm–1 during a negative (upper
part) and a positive potential sweep (lower part). The potential diﬀerence between subse-
quent spectra is  45mV. The arrow represents the time axis.
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the SPS (or MPS) molecules are lying ﬂat on the surface as depicted in Fig. 4.2a. In
this case
−→
k sym is perpendicular to the surface, whereas
−→
k asym is parallel to it. If the
molecules start to "stand up" and rotate around its axis at a certain potential, both of
the modes would have a component perpendicular to the surface, see Fig. 4.2b, and
would thus be visible in the spectra. This means, that in the diﬀerential FTIR spec-
tra we would expect to see the appearance of an adsorption (negative) peak for the
uasym(CH2) band. However, we would also expect the appearance of a positive peak
at ∼ 2880 cm–1, since the component of the −→k sym that is perpendicular to the sample
surface would decrease. However, the band that corresponds to usym(CH2) is generally
weaker than the
−→
k asym band [136]. We estimate that in our experiments we would not
be able to distinguish a change of the perpendicular component of the
−→
k sym of up to
∼ 100% of the change of the perpendicular component of −→k asym, if we assume that
the symmetric band is 2 times weaker than the asymmetric one. For example, if we
assume the initial orientation of the molecule as in Fig. 4.2a, then we would not be able
to detect the change of usym(CH2) for a change of the inclination of the molecule to
the surface below 45◦, and for a rotation around its axis up to the same angle1. We
would like to mention that a result similar to ours has been obtained in [84], where a
response of a hexanethiol SAM on Au(111) on the Cu UPD layer growth on Au(111)
has been studied using sum frequency generation (SFG) spectroscopy. The measure-
ments were explained in a way, which is similar to ours, namely rotation of the molecule
around its axis due to the change of the sulfur hybridization. Interestingly, SFG spectra
of SPS and MPS adsorbed on a Cu(111) surface were presented in [137], where nei-
ther the symmetric nor the asymmetric methylene stretching mode was observed in a
Cl–-containing electrolyte, whereas in a Cl–-free solution, the asymmetric peak became
slightly visible at very cathodic potentials (∼ –450 mV). The absence of these bands
was explained by a disordered SPS (or MPS) layer on Cu(111), which is consistent with
the STM results from [93]. However, in our case of SPS on Au(111), we clearly see
an ordered SAM at potentials higher than the Cu UPD layer formation potential (and
lower than Au oxidation potential). Thus, this explanation may not be applied to our
observation.
Another somewhat weaker band appears as a positive peak at 1390 cm–1, which can
be attributed to the deformation vibrations of the methylene group [136]. This band ap-
pears simultaneously with the band at 2918 cm–1, i.e. at a sample potential of∼ 235mV
during the cathodic sweep. The deformation vibration modes of the CH2 moiety can be
divided into the modes with the polarization vector perpendicular to the carbon back-
bone or parallel to it. Please note that we cannot assign this band unambiguously to
a speciﬁc deformation mode of CH2 since we observe only a single band and we can-
1Please note that in general a thiol is not "free" to rotate, as angles between the various groups are
deﬁned by the exact electronic conﬁguration (hybridization).
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Figure 4.2: Schematic representation of an MPS molecule, a monomer of SPS, adsorbed
on the Au surface in diﬀerent conﬁgurations. (a) The molecule is lying ﬂat on the surface,
resulting in
−→
k of the usym(CH2) mode parallel, and
−→
k of the usym(CH2) mode perpendicular
to the surface. The black arrows represent the direction of vibration and the red arrows
represent the resulting polarization vector
−→
k . (b) The molecule "stands" up on the surface
by an angle a and rotates around its axis by an angle q. Both
−→
k sym and
−→
k asym are no
longer parallel to the surface. (c) A possible intermediate conﬁguration between (a) and (b),
in which the molecule is lying ﬂat whereas the SO–3 head group is rotated as compared to
(a).
not relate it to other bands of other deformation modes. If we assume that the band at
1390 cm–1 corresponds to the deformation vibration mode with the corresponding
−→
k
perpendicular to the backbone of the molecule, i.e. the scissor vibration ds(CH2), then
it supports the conclusion that the MPS molecule "stands up" during the Cu UPD layer
growth.
Finally, the band at 1186 cm–1 can be attributed to uasym(SO–3) of the sulfonate end
group of MPS. Although this band is expected to be very close to the stretch band of
sulfate, it is found at slightly higher wave numbers [136]. Thus, the bands at 1145 cm–1
and 1121 cm–1 might be attributed to the sulfate ions in the solution and possibly on the
surface. The polarization vector of uasym(SO–3) of a ﬂat lying molecule is perpendicular
to the surface. Hence, if the molecule would stand up, one would expect the appear-
ance of a positive peak in the spectra. Hence, the observation of the positive peak at
1186 cm–1 indicates that the SPS molecules that were lying ﬂat on the surface at 640
mV "stand up" during Cu UPD. Additionally, it shows that the sulfonate head groups
of the MPS molecules rotate towards the surface normal before the inclination of the
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backbone of the molecules. The bands at 1145 cm–1 and 1121 cm–1 are due to sulfate
in the solution.
As the potential is increased again and the Cu UPD layer is stripped, the peaks at
2918 cm–1 and 1390 cm–1 disappear, suggesting that the SPS molecules again lay ﬂat
on the surface.
This interpretation of the FTIR spectra is consistent with our STM measurements,
which show that the Au(111) surface is covered with the striped SAM structure at po-
tentials more positive than 300mV, Figs. 4.3a and 3.9b. This SAM structure is often
interpreted as the structure in which the thiol molecules are lying ﬂat within the stripes
[94, 138]. Also in agreement, we were never able to observe any ordered molecular
structure during or after the formation of the Cu UPD layer in the presence of SPS, see
Fig. 4.3b. Shortly after the stripping of the Cu UPD layer, we observe the formation of
the striped SAM on the Au surface.
Figure 4.3: STM images of a Au(111) surface in 0.1M H2SO4, 10mM CuSO4, 0.1mM HCl,
and 10 mM SPS. (a) Molecularly-resolved image of a striped domain of the SAM of SPS
at 320mV (see also Fig. 3.9b). Within the stripes, single molecules appear as lines, which
indicates that they lie ﬂat on the surface [94]. The distance between the rows is 2.8± 0.3 nm
and the distance between the molecules within a line is 0.6± 0.2 nm. (b) A zoom-in onto the
Cu UPD patches formed at 240mV. The size of both images is 23×20nm2. The tunneling
parameters are: 50mV tip potential and 750 pA tunneling current.
Alternatively, one could explain the appearance of the uasym(CH2) band and the ab-
sence of the usym(CH2) band by assuming that at potentials more positive than the Cu
UPD potential the MPS molecules are not parallel to the sample surface. Figure 4.4a
depicts an MPS molecule that is inclined to the surface in such a way that the CH2 moi-
eties have
−→
k sym parallel to the surface, whereas
−→
k asym can have a small component
perpendicular to the surface. If the molecule would then "lay down" at more negative
potentials, i.e. at the potential of Cu UPD layer formation, by rotating around the axis
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Figure 4.4: Schematic representation of an MPS molecule: (a) "standing" on the surface
with
−→
k sym parallel to the surface and
−→
k asym with a small perpendicular component; (b) lying
on the surface with
−→
k sym parallel and
−→
k asym almost perpendicular to the surface.
that is parallel to
−→
k sym , then the perpendicular component of
−→
k asym would increase,
whereas
−→
k sym would remain unchanged, see Fig. 4.4b. This behavior would lead to the
absence of the usym(CH2) band in the whole potential region, and the appearance of
the uasym(CH2) band during the "laying down" of the molecule. Furthermore, the band
at 1390 cm–1 can be assigned to the wagging vibration mode of CH2, i.e. w(CH2) [139].
This mode has a polarization vector parallel to the carbon backbone of the molecule.
Thus, the appearance of a positive peak at 1390 cm–1 in Fig. 4.1 would correspond to
the molecule "lying down" on the surface during the Cu UPD.
At ﬁrst sight, this explanation seems to contradict our STM observations of the striped
SAM phase at potentials more positive than the Cu UPD potential, which should consist
of ﬂat lying thiol molecules. In general, the distance between the rows of the striped
phase is equal to twice the length of the thiol molecules [138, 140]. In the case of the
striped structure of the hexanethiol SAM, presented in Section 3.6.2, we estimated the
distance between the rows to be 1.72± 0.32 nm, which agrees well with the twice the
length of a hexanethiol molecule of ∼ 0.7 nm. If we now analyze the striped structure
of the SPS (MPS) SAM, we ﬁnd that the distance between the rows is 2.8± 0.3 nm
(consistent with [94]), which is approximately ﬁve times the length of anMPSmolecule of
∼ 0.5 nm. This strongly suggests that other species might be adsorbed in between the
MPS rows. These species, such as Cl– or SO2–4 , might prevent the MPSmolecules from
lying ﬂat due to e.g. repulsive interaction between these species and the SO–3 function
group of the thiol. Hence, the stripes might consist of "standing" thiol molecules, rather
then the "ﬂat-lying" ones.
The alternative interpretation of the FTIR spectra and the STM images of the MPS
stripes leads us to a diﬀerent possible model of the Cu UPD layer formation in the pres-
ence of the additive than the one presented in Section 3.5. Similar to the initial model,
we assume that at potentials more positive than the UPD deposition potential, the MPS
molecules are adsorbed on the Au(111) surface via Au adatoms, see Fig. 4.5a. How-
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Figure 4.5: An alternative model of Cu UPD layer formation in the presence of SPS (MPS).
(a) At potentials, more positive than the Cu UPD potential, MPS molecules adopt the "stand-
ing" orientation. In between the rows of the molecules anions are adsorbed, preventing the
laying down of the molecules. (b) At lower potentials, the anions start to desorb, thus at
some point allowing the molecules to lay down on the surface. At approximately the same
potentials, Cu UPD is initiated. (c) The Cu UPD patches squeeze the thiol molecules to-
gether, forcing the tails of the molecules to overlap. The molecules remain in the "ﬂat lying"
orientation. As the repulsive interaction between the molecules becomes large enough, they
abandon their Au adatoms and either diﬀuse onto the UPD layer or desorb from the surface.
(d) The Au adatoms form adislands that are covered by the Cu UPD layer. The molecules
that diﬀuse onto the UPD layer retain the "ﬂat lying" orientation.
ever, the molecules are not lying ﬂat, but are rather tilted by a certain angle to the sur-
face. The anions, present in the electrolyte, are adsorbed in between the rows of the
molecules, probably forming a mobile phase1. As the potential is lowered, the anions
start to desorb from the surface. In fact, the band at 1186 cm–1, which can be attributed
to the sulfate stretching, supports this assumption: as the potential is reduced, a posi-
tive peak appears, indicating the desorption of the sulfate. At some potential the anions
are (almost) completely desorbed, allowing the thiol molecules to "lie" onto the surface,
see Fig. 4.5b. This is consistent with ﬁndings of Lipkowski et. al, who have found that
at potentials close to the Cu UPD potential, the anions are largely desorbed from the
Au(111) surface [114]. This change of the thiol orientation coincides with the initia-
tion of the Cu UPD layer formation. Similar to the initial model, the UPD patches force
the MPS molecules together, but the molecules remain lying ﬂat. In between the Cu
patches, a disordered phase of the lying MPS molecules is formed. Within this phase,
the tails of the SPS molecules could overlap similar to [140], see Fig. 4.5c. Finally, sim-
1An ordered structure could not be resolved in between the rows of MPS both in our measurements
as well as in [94]
102 4.3 FTIR spectroscopy results and discussion
ilar to the previous model, at some point the repulsive interactions between the ﬂat lying
molecules become large enough to force them to abandon their Au adatoms and, either
diﬀuse onto the growing UPD layer or desorb into the solution. The gold atoms form the
gold adislands, which get covered by the UPD layer and thus become stabilized against
diﬀusion. The MPS molecules that diﬀuse onto the Cu UPD layer preserve the ﬂat-lying
orientation, see Fig. 4.5d.
Although this new model can explains the FTIR spectra in combination with the al-
ternative interpretation of these spectra, it has several shortcomings. Firstly, during the
formation of the Cu UPD patches and the squeezing of the SAM, the ﬂat-lying thiols
should at some point adopt a structure with a higher packing density, which usually
leads to standing molecules [141]. This behavior is not observed in the FTIR spectra.
Secondly, it is not clear why the MPS molecules should remain laying ﬂat on the surface
covered with the Cu UPD layer which consists of a Cu layer covered by a layer of anions,
see Chapter 3. By analogy with the interpretation of the initial "standing" orientation of
the molecules at positive potentials, the anions on the Cu UPD layer should repel the
end groups of the molecules, thus forcing them to "stand" on the surface. These incon-
sistencies indicate that the model is probably incorrect so id the alternative interpretation
of the FTIR spectra.
Figure 4.6: Potential dependence of the integrated band intensity of uasym(CH2), obtained
from Fig. 4.1. The circles correspond to the negative cycle of the CV and the squares cor-
respond to the positive cycle. The gray curve shows the corresponding CV for comparison,
plotted on the same potential scale.
The question arises whether the change of the orientation of the molecules is a
prerequisite for the formation of the Cu UPD layer, or whether the molecules are forced
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to change their orientation by the deposit. One possible scenario could be as follows.
At potentials more positive than the potential of zero charge (PZC), which we expect
to be at  300 mV for the Au(111) surface [142, 143], the negatively charged sulfonate
group of the SPS molecules would attract to the surface, thus forcing the molecules to
lay down. As the surface potential is decreased, the interaction between SO–3 and the
surface becomes less attractive, even switching to repulsive at potentials lower than the
PZC. This could lead to the "standing up" of themolecules, thusmaking space for the Cu
UPDpatches to grow. In a diﬀerent possible scenario, themolecules would lay ﬂat on the
surface until the onset of the Cu UPD. Cu patches would start nucleating at the defects
of the SAM, such as the domain boundaries (see Fig. 3.9d). Since the Cu UPD layer
formation is accompanied by anion coadsorption (and possible SPS coadsorption), the
growing Cu UPD patches covered by the anions might act repulsively onto SO–3, forcing
the molecules to "stand up". To clarify this issue, we have plotted the integrated band
intensity of the usym(CH2) as a function of potential, see Fig. 4.6. If the ﬁrst scenario is
true, one would expect the molecules to "stand up" gradually with the potential decrease
and also prior to the onset of Cu UPD. However, what we see is that the increase of the
CH2 band intensity occurs within  15mV of the onset of Cu UPD. This might suggest
that the "standing up" of the SPS molecules follows the second scenario.
4.4 SERS results and discussion
We have conducted the SERS experiments both in a solution without SPS, i.e. 0.1M
H2SO4, 10mM CuSO4, and 1mM HCl, as well as after addition of 10mM SPS. The
spectra taken at 400mV and 50mV in the SPS-free solution are shown in Fig. 4.7a.
At the potential of 400mV a peak at 270 cm–1 is visible. This peak corresponds to the
Figure 4.7: SERS spectra of a Au electrode in: (a) 0.1M H2SO4,10mM CuSO4, and
1mM HCl; (b) after addition of 10mM SPS.
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Figure 4.8: SERS spectra of a Au electrode showing the presence of SPS adsorbed at
the surface in a wide potential range. The gray curve shows a spectrum acquired in the
SPS-free electrolyte.
stretching mode of the Au – Cl bond [144], i.e. u(Au – Cl). As the potential is lowered,
the peak becomes broader and its center is shifted to higher wavenumbers. At 50mV
the center of the peak is located at 285 cm–1. We attribute this shift to the formation of
Cu UPD layer accompanied by the coadsorption of Cl– on it [145].
If the SPS is added to the solution, a similar trend is observed, see Fig. 4.7b. At
400mV a peak is observed with a maximum at 271 cm–1, and at 50mV, after the for-
mation of the Cu UPD, the center of the peak shifts to approximately 285 cm–1. How-
ever, in the whole measured potential range the peak becomes broader with a higher
Raman signal between 380 cm–1 and 300 cm–1 in the presence of SPS in the solution.
We attribute this increased width of the peak to the coadsorption of the SPS with Cl–
at these potentials, both on bare Au when no UPD is present and also on the Cu UPD
layer.
The presence of the adsorbed SPS on the surface in the whole potential range
can be also seen from the spectra in Fig. 4.8. The observed bands are: 635 cm–1,
u(S – CH2); 694/735/803 cm–1, r(S – CH2); 1040 cm–1, u(C – SO–3) [146]. The bands
stay almost unchanged in the potential range between 400mV and 50mV, thus indicat-
ing persistent presence of the SPS on the surface.
To summarize the SERS results, we observe the presence of the adsorbed SPS on
the Au surface in the potential range between 400mV and 50mV, i.e. on the surface
with and without Cu UPD layer. This indicates that the SPS is not desorbed from the
surface during the Cu UPD layer formation. Additionally, we see a change of the peak at
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271 cm–1 in the presence of SPS, which indicates that Cl– is coadsorbed on the surface
with the SPS molecules in the whole potential range. These results support our model
of Cu UPD layer formation in the presence of SPS, where we assume that a growing
anion-terminated UPD layer "squeezes" the SPS molecules molecules together, forcing
them at some point to detach from their Au adatoms and diﬀuse onto the Cu UPD layer.
4.5 Conclusions
The combination of our STM, FTIR, and SERSmeasurements indicate that the following
processes take place during the Cu UPD onto a Au(111) surface in the presence of SPS.
At positive potentials, we observe in our STM measurements that the whole Au surface
is covered by a SAM of SPS, or MPS (the monomer of SPS). This agrees with the SERS
spectra, in which the bands associated with SPS are visible.
Our results of the FTIR measurements are ambiguous, as they can be interpreted
in two ways. We show that one way to interpret these results is to assume the SPS
molecules to stand up at positive potentials, which then lay down just before the initiation
of the Cu UPD layer formation. The large distance between the rows of SPS molecules
within the striped phase also supports the notion that the molecular structure of these
stripes might be diﬀerent from the naive conﬁguration of ﬂat-lying molecules, which is
generally associated with this phase [138, 147]. We show that the corresponding model
of Cu UPD layer growth in the presence of SPS has several inconsistencies, thus it is
probably wrong.
The favored interpretation of the FTIR spectra is based on the assumption that at
potentials more positive than the Cu UPD potential, the molecules are lying ﬂat on the
surface. As the potential is lowered and the Cu UPD begins, the thiol molecules are
squeezed together by the growing Cu UPD patches, which forces them to "stand up".
We show that the "standing up" is probably accompanied by the rotation of the molecule
around its axis. The latter leads to the appearance of the bands in the FTIR spectra that
correspond to the SPS. In addition, the striped phase disappears in the STM images.
As the potential is lowered further, the SPS molecules detach from the Au addatoms
and bind to the growing Cu UPD layer. This is conﬁrmed by the shift of the bands in
the SERS spectra. As the Cu UPD layer growth is completed, the SPS molecules stay
incorporated in the layer. This is indicated by the persistence of the bands in the FTIR
and SERS spectra in the potential range, where Cu UPD is present on the surface.
Thus, our SERS and FTIR spectroscopy measurements provide additional insight
into the processes that occur during the Cu UPD layer formation on Au(111) in the
presence of SPS. The results support the model of the Cu UPD in the presence of SPS
that we have proposed in Chapter 3.
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Chapter 5
Inﬂuence of additives on the Cu
crystallite shape
This chapter deals with the eﬀect of additives, such as Cl– and SPS, on the shape of
the Cu crystallites that are electrodeposited onto Au(111). Adsorption of the additives
changes the free energies of diﬀerent crystallographic faces of the Cu crystallites, which
leads to changes of the crystallite shape. Our experimental observations suggest that
the Cu crystallites that were grown in either the additive-free or the Cl–-containing solu-
tion, have shapes that are close to equilibrium. Thus, by using the Wulﬀ theorem we are
able to estimate the ratios between the surface free energies of the Cu crystallite faces
in SO2–4 -containing solution with and without Cl
–. Additionally, we show how the pres-
ence of SPS aﬀects the shape of the Cu crystallites at diﬀerent stages of their growth.
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5.1 Introduction
Metal electrodeposition is of signiﬁcant industrial importance: it is often used to coat
conducting objects with layers of a diﬀerent metal, resulting in diﬀerent chemical, phys-
ical and mechanical properties. The properties of such a coating depend not only on
the material of the coating, but also on the exact microstructure of the layer. One of the
properties that deﬁne the microstructure of an electrodeposited ﬁlm is the shape and
the orientation of the crystallites forming it. If the crystallites are grown at relatively low
overpotentials, i.e. if the rate of transport of the material to the growing crystallites is
negligible in comparison to atom surface diﬀusion on and to the crystallites, the shape
and the orientation of the crystallites are deﬁned by the energetics of the diﬀerent crystal
faces including the crystallite-substrate interface. Thus, if one could tune the surface
free energies of crystalline faces, it would be possible to alter the properties of the re-
sulting electrodeposited ﬁlms.
It is known from vacuum studies that even small amounts of adsorbed gas species
can inﬂuence the shape of deposited metal islands, see [148, 149]. Also, in electro-
chemical deposition certain substances are used to inﬂuence the growth of the de-
posit in general, and alter the shapes of the deposited crystallites in particular. These
substances are called additives and are widely applied by the industry. For exam-
ple additives, such as chloride ions, sulfur-based organic molecules, such as bis(3-
sulfopropyl)disulﬁde (SPS), and polyethylene glycol are added to the electrolyte in dam-
ascene Cu plating [150]. Despite the extensive application of these additives, the exact
role of each of them still remains elusive.
In this chapter we present an in-situ STM study of the inﬂuence of SO2–4 , Cl
–, and
SPS on the shape of Cu crystallites electrodeposited onto a Au(111) surface. Our ex-
perimental results indicate that the shapes of the observed crystallites in the electrolytes
without SPS all reﬂect equilibrium. This allows us to apply the Wulﬀ theorem to extract
the ratios between the surface free energies of Cu crystal faces with diﬀerent orienta-
tions. In addition, we show that the adsorption of SPS dramatically changes the shape
of the Cu crystallites; the crystallites become nearly hemispherical as opposed to the
crystallites with well-deﬁned ﬂat facets in SPS-free solutions.
5.2 Experimental details
The STM measurements presented in this chapter were performed with a custom-built
fast EC-STM equipped with a home-built quartz electrochemical ﬂow cell, see Chap-
ter 2. A copper wire was used as a reference electrode and a gold wire served as a
counter electrode. Potential control was realized by a home-built bi-potentiostat. The
experiments were conducted in a nitrogen gas atmosphere to prevent oxidation. Ultra-
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pure-grade chemicals and MilliQ water were used for the preparation of the electrolytes.
Details of the tip and sample preparation procedures are described in Appendix A.
Cu crystallites, studied in this chapter, were deposited onto the Au(111) substrate by
a potential pulse method, which is based on the standard pulse potentiostatic technique
that is frequently used to study the nucleation kinetics [151]. First, the STM tip was
moved away (both vertically and laterally) from the studied part of the surface. Then,
the sample potential was set to +5 mV vs Cu/Cu2+ reference, i.e. slightly more positive
than the Cu deposition/dissolution equilibrium potential. Subsequently, an overpoten-
tial1 pulse was applied to the electrode with a certain amplitude and a certain duration.
After the pulse, the sample potential was set to –5 mV, such that the Cu deposit would
neither dissolve nor grow (substantially). The tip was moved back to the surface and the
surface was imaged. To remove the Cu deposit prior to a subsequent deposition exper-
iment, the sample potential was raised to +350 mV and kept there for several minutes.
This technique is described in more detail in Chapter 6.
5.3 Analysis of crystallite shapes
5.3.1 Crystallite shape in additive-free electrolyte
In an additive-free solution, consisting of 0.1M H2SO4 and 10mM CuSO4, the Cu crys-
tallites, which are deposited at overpotentials 160 mV, are mostly shaped as ﬂat discs
with a hexagonal circumference and occasionally with a triangular or truncated hexag-
onal circumference. Figure 5.1 shows several STM images of Cu crystallites, which
were deposited at diﬀerent overpotentials on Au(111) in the Cl–-free solution. Please
note, that the surface in Fig. 5.1 is covered by monatomically high islands of Au with
a rounded triangular shape. These islands have been produced by several cycles of
anodic oxidation and subsequent reduction of the Au(111) surface. The cycles were
carried out to clean the Au surface from contaminants and the islands have emerged as
a byproduct of this treatment. After deposition of Cu at lower overpotentials ( 80mV),
we observe hexagonal Cu crystallites, see Fig. 5.1a. At higher overpotentials (> 80mV),
we also ﬁnd crystallites with a triangular shape. The relative amount of the triangular
crystallites increases with the increasing overpotential, see Figs. 5.1b and c. It ranges
from 0% at overpotentials  80mV to 85% at 140 mV. At even higher overpotentials
( 160mV), the circumference of the crystallites becomes more circular, see Fig. 5.1d.
The hexagonal Cu crystallites observed in our experiments have the same in-plane
orientation due to the crystallinity of the substrate. On top of most of the crystallites,
monatomic steps can be observed (see Fig. 5.1a). The height of the steps is 0.206 nm
1Please note that we deﬁne the overpotential as h = E0 –E, where E0 is the equilibrium potential and
E is the potential that is applied to the electrode.
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Figure 5.1: Diﬀerentiated STM images, showing Cu crystallites deposited from a solution
containing 0.1M H2SO4 and 10mM CuSO4. The crystallites were deposited at the follow-
ing overpotentials: (a) 80mV for 3 s; (b) 120mV for 1 s; (c) 140mV for 0.5 s; (d) 160mV for
0.25 s. At overpotentials  80 mV almost exclusively hexagonal crystallites are observed
(a). At higher overpotentials, triangular crystallites are also found (b,c). The relative amount
of the triangular crystallites to the hexagonal ones increases with increasing overpotential.
The triangular crystallites have a  30% lower height than the hexagonal ones. At overpo-
tentials  160mV , crystallites become more circular. Please note that the small triangular
islands, found in all images on the terraces, are monatomically high Au islands that ap-
peared due to surface pretreatment. The size of images (a) and (b) is 1.4  1.4mm2 and
of (c) and (d) is 800  800nm2. The tunneling parameters are: –8mV sample potential,
–15mV tip potential,  500 pA tunneling current.
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0.009 nm, which correspondswell to the step height on theCu(111) surface of 0.209 nm.
From both the geometric shape and the step height we can conclude that the out-of-
plane orientation of these crystallites is (111). From simple geometrical considerations
we expect that three of the six side faces should be {111} oriented1, and the other three
should have a {100} orientation. One way to assign a certain orientation to a measured
facet is to measure the angles between the (111) surface and the facet. The (111)/{111}
angle is 110 and the (111)/{100} angle is 125. The values we obtain from our exper-
imental observations range between 145  13 and 153  112, respectively. Thus,
in our experiments we ﬁnd it impossible to distinguish between the two diﬀerent facet
types. This is due to the small height of the islands and insuﬃcient lateral resolution
of 2.73 nm/pixel. For example, for an island with a height of  9 nm, as observed in
Fig. 5.1a, the projection of a {100} side facet on the x-y scan plane would be 6.3 nm,
and the projection of a {111} facet would be only 3.2 nm, i.e. 2 pixels and 1 pixel re-
spectively.
Fortunately, there is another possibility to determine the orientation of the facets: one
can compare them to the triangular Au islands on the surface. Michely et al. [152] ob-
served similar triangular adislands and vacancy islands in their UHV studies during ion
sputtering of the Au(111) surface. They have found that edges of the triangles belong
to the {111} facets. Obviously, there is a diﬀerence between that study and our exper-
iments, since our experiments are conducted in liquid solution containing ions, which
can speciﬁcally adsorb and change the energetics of steps and facets. However, we
may assume that the islands observed in our experiments and the ones observed in the
UHV have the same general trend, since sulfate is known to have a rather low degree
of speciﬁc adsorption on metal surfaces [153]. Moreover, studies of sulfate adsorption
on various single-crystal surfaces of metals with fcc crystal structure revealed that the
most densely packed and most stable structure of a sulfate adlayer is found on the (111)
surface [154, 155]. Thus, sulfate would likely stabilize the {111} side facets.
Since both Au and Cu have an fcc crystal structure and since the copper crystallites
have a (111) out-of-plane orientation, we can assume that the orientations of the facets
of the hexagonal Cu crystallites that are parallel to the edges of the triangular Au adis-
lands are the same, i.e. {111}. The other three faces of the Cu crystallite should then be
{100} oriented. Please note, that this conclusion is only true if there is no hcp stacking
fault between the substrate and the crystallites. On one side, for other metals, such as
e. g. Ir, the nucleation barrier of crystallites with a stacking fault is known to be higher,
thus those crystallites are less probable to appear [156]. On the other side, Giesen et
al. reported that the nucleation of Cu on ﬂat Cu(111) surface occurs mostly in the fcc
sites, whereas on a stepped Cu(21,21,23) surface the nucleation happens preferentially
1{111} means either (111), (111), or (111).
2The error given here contains only the standard deviation; the actual error is expected to be higher.
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in the hcp sites [157]. They proposed that strain on the surface introduced by steps is
responsible for the diﬀerence in the preferred nucleation sites. In addition, a theoreti-
cal study has shown that strain can shift the energy balance between the fcc and hcp
sites considerably [158]. Thus, the eﬀect of strain might play a very important role for
Cu nucleation on Au(111) due to the large lattice misﬁt of 13%, and thus a large strain.
Moreover, as discussed further in the text, Cu nucleation occurs almost exclusively on
Au steps, which again can inﬂuence the preferred nucleation sites according to [157].
Please note that we have so far omitted the discussion about the eﬀect of the Cu UPD
layer on the nucleation on the Cu crystallites. In a Cl–-free and sulfate-containing elec-
trolyte, the structure of the Cu UPD layer is commensurate with the underlying Au(111)
substrate, forming a (1 1) overlayer [23]. Thus, its presence should not aﬀect our
discussion in this section. In the following section we will come back to the inﬂuence
of the Cu UPD layer, as its structure is diﬀerent in the presence of Cl–. We will start
our reasoning assuming that the nucleation of Cu crystallites occurs on fcc cites, i.e.
without a stacking fault.
As mentioned above, we observe two diﬀerent shapes of Cu crystallites at overpo-
tentials below 160 mV, i.e. hexagonal and triangular discs. One may wonder, what the
diﬀerence is between the triangular and the hexagonal crystallites. Also, a question
arises whether these shapes are equilibrium shapes or growth shapes. Although we
cannot answer these questions unambiguously on the basis of our experiments, there
are several arguments that allow us to suggest that the hexagonal crystallites are in
equilibrium. The ﬁrst argument is that the ratio between the height h of the hexago-
nal islands and their eﬀective diameter d stays approximately constant for islands of
diﬀerent sizes1, see Fig. 5.2; it amounts to d/h = 14.06 1.68. One would expect this
result for crystallites in equilibrium2, i.e. if their shape is deﬁned by the Wulﬀ-Kaischew
theorem, see later in this chapter. The second argument is that we observe almost ex-
clusively hexagonal Cu crystallites for Cu deposition at low overpotentials ( 80 mV ).
At these overpotentials, the mobility of the Cu surface atoms could be greatly enhanced
due to the presence of anions in the solution [106, 159]. The mobility is especially high
at potentials close to the equilibrium potential of deposition/dissolution. Additionally,
transport of the adatoms can also proceed via the solution [106]. Thus the surfaces
tend more to their equilibrium at lower overpotentials. This process of high diﬀusion
close to the equilibrium potential is sometimes referred to as electrochemical annealing
[123]. We expect that at lower deposition overpotentials, due to high adatom mobil-
ity, the crystallites would grow close to their equilibrium shape. This suggests that the
hexagonal crystallites have a shape that is close to equilibrium.
An additional argument that supports the equilibrium shape of the hexagonal crystal-
1The eﬀective diameter d is deﬁned as the diameter of the circle with the same surface area as the
projected surface the crystallite.
2Please note that the constant d/h ratio is also expected for crystallites in growth equilibrium.
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Figure 5.2: Dependence of the height of the hexagonal Cu crystallites on their eﬀective
diameter (squares). The line shows a linear ﬁt to the measured data.
lites comes from the studies of the surface structure of Cu(100) and Cu(111) in sulfuric
acid solutions [160–162]. It was shown that sulfate adsorbs only weakly on Cu(100),
without the formation of an ordered adlayer. Cu(100) surface exhibits a (1 1) struc-
ture, as resolved with the STM, in the whole potential range between Cu dissolution
and hydrogen evolution. The monatomic steps on Cu(100) are randomly oriented and
appear "frizzy" in the STM images, which indicates a high kink mobility along the steps
as well as a low kink energy [160, 163]. Additionally, it has been found that the critical
nucleus size of Cu on Cu(100) consists of 1-3 atoms [164]. On the other hand, sulfate
adsorbs much stronger on Cu(111) than on Cu(100). It leads to the formation of the
moiré pattern on the Cu(111) surface, see [162, 165] and Chapter 8. The orientation
of the monatomic steps is preferred along the main symmetry axes of a moiré pattern.
Additionally, we ﬁnd in Chapter 8 that the moiré units are the smallest stable building
blocks for step propagation. Also, we determine that the critical nucleus size on Cu(111)
in sulfuric acid corresponds to one unit of moiré that consists of over 40 Cu atoms, which
is in agreement with [161]. These diﬀerent structures of Cu(100) and Cu(111) in sulfuric
acid, as well as the small critical nucleus size on Cu(100) and the large size on Cu(111),
suggest that the growth rate of the facets of the Cu crystallites that are {100}-oriented
should be higher than the growth rate of the {111}-oriented facets. Thus, one would ex-
pect either a triangular or a truncated hexagonal shape of the Cu crystallites that have
a growth shape. This indicates that the hexagonal crystallites that we observe in our
measurements are close to equilibrium.
As we have mentioned above, we observe the formation of triangular Cu crystallites
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in addition to the hexagonal ones at higher overpotentials, see Figs. 5.1b-c. In the fol-
lowing, we would like to discuss the reasons that could lead to the formation of both
hexagonal and triangular crystallites in the same experiments. We would like to start
with noting the role of the overpotential on deposition. The overpotential has a major
inﬂuence on the nucleation of the Cu crystallites: higher overpotentials lead to higher
nucleation densities, see Chapter 6. After the nucleation, i.e. during the growth of the
nucleated crystallites, the overpotential has only a minor inﬂuence on the deposition
rate, since the Cu deposition in our experiments is partly diﬀusion-limited and partly
charge-transfer-limited, see Chapter 7. For example, we estimate the total charge that
was transferred through the sample in the experiments corresponding to Figs. 5.1a and
b to be 1570 mC/cm2 and 1188 mC/cm2 respectively. This corresponds to a deposition
rate of 0.9 ML/s for Fig. 5.1a and 2 ML/s for Fig. 5.1b, if layer-by-layer deposition on the
whole electrode area is assumed. However, from the STM images we see that the de-
position proceeds via 3D island growth on the UPD layer. Thus, although the reduction
of Cu2+ ions to form Cu adatoms may occur everywhere on the electrode, the adatoms
are incorporated only at the Cu crystallites. The Cu crystallites cover 3.8 % of the total
surface in Fig. 5.1a and 8.6 % in Fig. 5.1b. This leads to an eﬀective average deposition
rate of 24.6 ML/s and 23.3 ML/s in the two ﬁgures respectively, which is almost the same
for the two deposition experiments. Another parameter that might be inﬂuenced by the
potential is the surface diﬀusion coeﬃcient of Cu. As we have noted above, the diﬀusion
coeﬃcient is high at potentials close to the equilibrium deposition-dissolution potential
[106, 159], i.e. at low overpotentials. At higher overpotentials, the diﬀusion coeﬃcient
decreases. We can conclude that, although the deposition rate depends weakly on the
overpotential, the growth of the Cu crystallites at higher overpotentials is probably more
out-of-equilibrium due to the slower surface diﬀusion of the Cu adatoms.
The overpotential can inﬂuence the free energy of the interface between a face of
a crystallite and the electrolyte1. This inﬂuence is expected to be diﬀerent for faces
with diﬀerent orientations. In general, the surface free energy (surface tension) has a
maximum at the potential of zero charge (PZC) of the considered face. The PZC of
Cu(100) is expected to be lower than the PZC of Cu(111) [166–168]. In principle, there
could be a potential, positive of which the free energy of the (100) face would be lower
than the free energy of the (111) face, and negative of which the free energy of the
(100) face would become higher (and increases faster with decreasing potential) than
the free energy of the (111) face. The precise value of this potential is hard to predict,
as one would need to know the precise dependence of the surface free energies of the
two faces on the potential, the values of their PZCs in the electrolyte that is used in our
experiments, as well as their free energies at their PZCs. Thus, the crystallites, which
1In electrochemistry, surface tension is usually used instead of surface free energy. The dependence
of the surface tension on the electrode potential is called the electrocapillary curve [3].
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were deposited at lower overpotentials (80 mV), may have a diﬀerent relationship be-
tween the free energies of the {100} and {111} faces, than the crystallites, which were
grown at higher overpotentials ( 140 mV). This could explain the observed transition
between the growth of the hexagonal crystallites to the appearance of the triangular
ones with increasing overpotential. However, the appearance of both triangular and
hexagonal crystallites at intermediate potentials ( 120 mV) can not be explained us-
ing this argument, since one expects all crystallites to have the same shape at each
potential.
One should notice that crystallites with an orientation parallel to the surface that is
diﬀerent from the (111) orientation of the hexagonal crystallites should have a diﬀerent
crystallite shape. For example, this is the reason for the formation of the rectangular
crystallites in the Cl–-containing solution, see Section 5.3.2. However, we ﬁnd that the
triangular crystallites have the same three-fold in-plane symmetry as the hexagonal
ones, which is characteristic for the (111) surfaces. This suggests that the triangular
crystallites have the same orientation as the hexagonal ones, i.e. they are also (111)-
oriented. Moreover, the side facets of the triangular crystallites are parallel to the facets
of the hexagonal ones, which provides additional proof of of the two diﬀerent crystallite
shapes having the same orientation. In addition, the atomic steps observed on the
triangular crystallites are 0.205 0.012 nm high, which also points towards the (111)
orientation of the crystallites. However, having the same orientation leaves the question
open about the diﬀerent shapes.
Contaminants in the electrolyte could adsorb on the growing crystallites and change
the free energies of diﬀerent facets, thus leading to the change of the crystallite shape.
In particular, Cl– ions lead to the formation of the triangular Cu crystallites, see Section
5.3.2. Although we use highest purity chemicals and ultra-pure water for the prepara-
tion of the solution and clean the electrochemical cell, electrodes, and tubing before
the experiments, we cannot exclude the presence of trace amounts of Cl– ions in the
electrolyte ( 10–7M). However, if it was a Cl– contamination that changes the shape
of the crystallites, it is unclear why it would change only some and not all of the crys-
tallites. Also, small amounts of Cl– accelerate Cu deposition and enhance nucleation,
see Chapters 6 and 7. Hence, one would expect that at low deposition overpoten-
tials more triangular than hexagonal crystallites would form. At higher overpotentials,
the amount of triangular crystallites should remain approximately constant, as it should
be deﬁned by the concentration of Cl–, whereas the amount of hexagonal crystallites
should increase. This is contrary to our experimental observations, in which we observe
an opposite trend.
The increase of the number of the triangular crystallites relative to the hexagonal
ones, and also the decrease of the total number of the hexagonal crystallites, with the
increasing overpotential suggests that if the hexagonal crystallites are in equilibrium
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then the triangular crystallites could represent an equilibrium growth shape. If this is
the case, then one may wonder why at intermediate overpotentials ( 120 mV) only
some of the crystallites have a triangular shape, whereas others are still hexagonal, see
Fig. 5.1b. If all crystallites would grow completely independently from each other, and
also if the substrate structure would be homogeneous, one would expect all the crys-
tallites to have the same shape, i.e. either an equilibrium or a growth shape. However,
Cu deposition in our system is (partly) diﬀusion limited, see Chapter 7. This implies that
diﬀusion zones develop around growing nuclei. The diﬀusion zones of the neighboring
nuclei may overlap, thus inﬂuencing the growth of these nuclei. From chronoamper-
ometry measurements we estimate that in our experiments the overlap of the diﬀusion
zones sets in already after  0.15 s at 120 mV overpotential, whereas at 80 mV over-
potential the diﬀusions zones do not overlap for more than 4 s. Whether a crystallite is
"feeling" the presence of the neighboring crystallites depends on their exact arrange-
ment on the electrode surface. It also depends on the structure of the surface, since
electrode surface features such as step bunches may inﬂuence the shape of the diﬀu-
sion zones. Thus, the overlap of the diﬀusion zones could lead to the formation of Cu
crystallites that are either in equilibrium or have a growth shape, at the same deposition
overpotential. In principle, due to the relatively high mobility of Cu surface atoms at the
potential of –5 mV, at which we image the Cu crystallites, the crystallites with the growth
shape should transform into equilibrium, if given enough time. Thus, one could expect
the triangular crystallites to transform into (truncated) hexagonal crystallites after some
time. However, the relaxation time, needed for a crystallite to transform into its equilib-
rium shape, is proportional to d4 (if only surface diﬀusion is considered) [169]. Thereby,
this time can become signiﬁcant for larger crystallites, even if fast surface diﬀusion of Cu
adatoms is active. Moreover, it has been shown that an energy barrier could exist for the
transformation of a crystallite into equilibrium. This barrier arises from the necessary
nucleation step on a face of a crystallite in order to proceed with its transformation [170].
This could lead to longer times needed for the crystallite transformation, or it could even
block the transformation completely for crystallites with large facets [171]. Within a time
scale of 6 to 10 minutes, we did not observe any signiﬁcant transformation of the crys-
tallite shape in our experiments. However, we did observe changes of the monatomic
steps, found on the horizontal faces of the crystallites, see Fig. 5.3. Unfortunately,
we ﬁnd no connection between the shape of the crystallites (triangular or hexagonal)
and such parameters as the ﬁrst, second, and third nearest neighbor distance and the
substrate morphology. These parameters could inﬂuence the diﬀusion of Cu adatoms
towards and from the crystallites, thus aﬀecting their growth behavior. This suggests
that the triangular crystallites are not the growth shape.
Finally, we could explain the appearance of both triangular and hexagonal crystallites
at intermediate overpotentials and appearance of (almost) exclusively triangular crystal-
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Figure 5.3: Diﬀerentiated STM images of the same Cu crystallite, imaged (a)  30 s and
(b)  200 s after deposition. Changes of the steps on the horizontal facet of the crystallite
are visible. The size of the images is 170160 nm2. The tunneling parameters are: –8mV
sample potential, –15mV tip potential,  500pA tunneling current.
lites at overpotentials  140 mV, if we take into account the large crystal lattice misﬁt of
13% between the Cu crystallites and the Au substrate. It has been shown that the equi-
librium shape of strained crystallites on a foreign substrate is not scale-invariant [172],
in contrast to the non-strained crystallites that are described by the Wulﬀ-Kaischew the-
orem [14]. This eﬀect is especially pronounced for small crystallites. As the crystallites
grow, the accumulated strain increases such that the introduction of misﬁt dislocations
becomes energetically favorable. These dislocations lead to the relaxation of strain,
and thereby to a change of the equilibrium shape. In the limit of full strain relaxation,
which is reached for large crystallites, the equilibrium shape of the crystallite should
approach the equilibrium shape on a substrate without a lattice misﬁt, i.e. the "true"
equilibrium shape. We propose that the large hexagonal crystallites in Fig. 5.1a are
in real equilibrium, as they might have a large amount of defects. The smaller trian-
gular crystallites in Fig. 5.1c, are in the strained equilibrium. In the intermediate case,
where we observe both hexagonal and triangular crystallites (see Fig. 5.1b), we pro-
pose that the crystallites that have already overcome the dislocation formation barrier
and accumulated enough defects, relax into the hexagonal shape. The crystallites that
are still strained, i.e. in which no (or not enough) defects have been formed yet, appear
triangular. From the analysis of the crystallites in Fig. 5.1b, we ﬁnd that the hexago-
nal crystallites have an average height of 6.0 0.7 nm and a width of 64.4 5.4 nm
and the triangular ones have a height of 4.0 0.6 nm and a width of 59.0 5.2 nm.
This diﬀerence in the heights of the triangular and hexagonal crystallites supports our
assumption that as the small strained triangular crystallites grow, lattice defects are in-
troduced, which lead to the strain relaxation and transformation of the equilibrium shape
from triangular to hexagonal. To provide further evidence of the presence of this eﬀect,
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we have analyzed the heights and the eﬀective diameters of triangular, truncated trian-
gular, and hexagonal crystallites, which were deposited at overpotentials from 80 mV
to 180 mV in several diﬀerent experiments, see Fig. 5.4. We ﬁnd that indeed the crys-
tallites with the heights of  4nm are mostly hexagonal, whereas the crystallites with
the heights of  5nm are mostly triangular. However, a sharp a transition at a certain
height between two diﬀerent shapes has been observed in studies of other materials,
whereas there is no sharp transition in our experiments [172]. As we have mentioned
above, the amount of strain energy, and thus the transition height of a crystallite, could
also depend on the precise structure of the substrate below the crystallite, i.e. on the
amount of substrate steps, the distance between them, and their orientation. This could
lead to a range of heights, at which the transition from triangular to hexagonal shape
is observed, such as the region of heights between 4 nm and 5 nm in Fig. 5.4. The
possible relaxation of strain in the triangular crystallites may be also inﬂuenced by the
formation of the surface Au-Cu alloy, which we discuss in Section 6.5.1. For example, a
certain amount of strain might be required to initiate the nucleation of the surface alloy,
which leads to the relaxation of the crystallites.
Figure 5.4: Eﬀective diameter as a function of height of triangular (black triangles), trun-
cated triangular (blue diamonds), and hexagonal (red hexagons) Cu crystallites, deposited
at overpotentials from 80 mV to 180 mV. Crystallites with a height of less than  4 nm nm
are mostly triangular, whereas crystallites that are higher than 5 nm are mostly hexagonal.
If we consider the large hexagonal copper crystallites to be in (unstrained) equilib-
rium, we can apply the Wulﬀ construction, as generalized by Kaischew [14], to extract
the ratios between the speciﬁc surface free energies of diﬀerent facets s{hkl} and the
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Figure 5.5: Determination of the Wulﬀ point of the Cu crystallites. (a) An STM image show-
ing the center point O of the hexagonal terrace. The red line represents the distance l from
the point O to the side facet. Note that the image was corrected for a multiple tip. (b) Cross-
section of the crystallite containing the point O as well the line l. The Wulﬀ point P lies in
the cross-section plane. h represents the height of the Cu crystallite and hhkl is the distance
from the Wulﬀ point to the {hkl} facet of the crystallite.
speciﬁc adhesion free energy1, b, of the Cu crystallites to Au(111). For that we ﬁrst de-
termine the center pointO of the Cu(111) facet parallel to the Au substrate, see Fig. 5.5a.
Then we consider the cross sectional plane that is perpendicular to the (111) facet and
contains the line, which starts at point O and is perpendicular to one of the {111} side
facets, see Fig. 5.5b. The Wulﬀ point P should lie in this plane. Since both facets
through which the plane is slicing are {111} oriented, they should lie at the same dis-
tance from the point P. The angle between the two {111} facets should be a111 = 110.
Now, by measuring the distance l from the STM measurements, we can determine the
distance h{111} = h + hint from a {111} facet to the Wulﬀ point P. Here h represents
the height of the crystallite and hint is the distance from the Wulﬀ point to the sub-
strate/crystallite interface. Knowing the distance h{111} we can calculate the distance
from the Wulﬀ point to a {100} facet. For that we take a100 = 125. Calculating the
corresponding distances and applying the Wulﬀ rule we obtain the following results2:
b
s{111}
= hh{111}
= 0.11 0.01 (5.1)
s{100}
s{111}
=
h{100}
h{111}
= 1.15 0.03 (5.2)
The result of this calculation is independent of the choice of {111} and {100} side faces
since the hexagonal islands appear to be symmetrical. The ratio between the mean
1The adhesion free energy is deﬁned as b = ssolid1 + ssolid2 – sinterface, where ssolid1 and ssolid2 are
surface free energies of the metal/electrolyte surfaces that form the contact and sinterface is the interface
free energy.
2The results are based on analysis of 10 crystallites.
120 5.3 Analysis of crystallite shapes
distance l{111} from the point O on the horizontal top face to a {111} facet and the mean
distance l{100} equals to 0.990.04. The result of Eqn. 5.2 is expected for an fcc crystal
structure from the so-called nearest-neighbor broken bond model [173].
We have to mention that we did not consider several eﬀects that may inﬂuence the
measured sizes of the Cu crystallites, and thus also the outcome of Eqs. 5.1 and 5.2.
The ﬁrst eﬀect is the possible image distortion due to the shape of the STM tip. In
general, the ﬁnite size of the tip leads to an overestimation of the width of the crystallites
and rounding at the edges. The second eﬀect, which we did not include in the discussion
of the application of theWulﬀ rule, is the existence of transition regions between the low-
index crystallographic planes, consisting of vicinal surfaces. This eﬀect may signiﬁcantly
inﬂuence the shape of the crystallites, especially at temperatures close to the melting
point. Both of these eﬀects should lead to a rounding of the edges between the low-
index facets in the STM images. However, if we look at the height proﬁle in Fig. 5.6 we
ﬁnd that these eﬀects are barely visible and that they do not inﬂuence the outcome of
our measurements signiﬁcantly.
Figure 5.6: An STM image of a Cu crystallite (a) with a dashed line, along which a height
proﬁle was measured (b). The angle between the horizontal face and the side faces is
 45. The data points in (b) represent single pixels from the STM image.
5.3.2 Inﬂuence of Cl on the crystallite shape
The shape of the Cu crystallites, deposited from the 0.1M H2SO4, 10mM CuSO4, and
1mM HCl electrolyte, is diﬀerent as compared to those observed in the Cl–-free solu-
tion. At lower nucleation and deposition overpotentials, mostly triangular-shaped ﬂat Cu
crystallites are observed, see Fig. 5.7a. Sometimes, also rectangular-shaped crystal-
lites are also found, see lower right corner of Fig. 5.7a and Fig. 5.7b. However, these
rectangular-shaped crystals nucleate only on large step bunches. The internal angles
of the triangular crystallites are around 60  2, whereas the angles of the rectangular
ones are 90  3. Comparing the triangular islands with the hexagonal ones, which
5. INFLUENCE OF ADDITIVES ON THE CU CRYSTALLITE SHAPE 121
are grown in the same experiment on the same surface before the injection of Cl– into
the solution, and keeping in mind that we neglect the presence of stacking faults, we
ﬁnd that the side facets of the islands are {100}-oriented, and the horizontal top facet
has the (111) orientation. The angle between the horizontal facet and the side facets
is found to be 123  14. This is additional evidence for the fact that the side facets
are {100}-oriented, as the measured angle is very close to 125, the theoretical result
between the (111) and {100} terraces of fcc crystals. Note, that we could measure the
angle more precisely for the triangular crystallites as opposed to the hexagonal ones
before, since the height of the former was much higher.
Figure 5.7: Diﬀerentiated STM images of Cu crystallites deposited from a Cl–-containing
solution. The crystallites were deposited at –100mV . Images (a) and (b) were acquired in
two diﬀerent experiments, hence the orientation of the triangular crystallites is diﬀerent. (a)
Most of the crystallites have a triangular shape, while one crystallite is clearly rectangular.
The irregular-shaped crystallite nucleated on a locally contaminated region of the surface.
The size of the image is 1.4  1.4mm2. (b) A triangular as well as a rectangular crystallite
are visible. The size of the image is 725 725nm2. The tunneling parameters are: –8mV
sample potential, –15mV tip potential,  500pA tunneling current.
As for the rectangular crystallites, their two opposing side facets are always aligned
parallel to one of the side facets of the triangular islands. Because of that, we can say
that those side facets of the crystallites are {100}-oriented. This means that the top facet
of the rectangular crystallites is either (100) or (110) oriented. The (110) orientation of
the rectangular crystallites could explain their elongated shape, since one would expect
the short side facets and the long side facets to have diﬀerent orientations, i.e. {111}
and {100} respectively. As we will discuss further in this chapter (see also [174]), the
surface free energy of a Cu {100} facet in the presence of Cl– is expected to be lower
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than the free energy of the {110} facet, which leads to a lower nucleation barrier for
the (100)-oriented crystallites. The (100)-oriented crystallites are expected to have a
square shape. However, we always observe that the rectangular crystallites nucleate at
step bunches of the Au(111) substrate and that the long side of the crystallites is parallel
to the step bunch. This substrate asymmetry could explain the elongated rectangular
shape of the (100)-oriented Cu crystallites. We would like to note that due to similar
arguments as described in the previous subsection, we cannot unambiguously state
that the rectangular crystallites are either (100)- or (110)-oriented and more detailed
experiments are needed to clarify this issue.
In the following we analyze the (111) oriented triangular Cu crystallites. Again, we
can assume that the triangular crystallites have a shape close to equilibrium due to the
same arguments as in the previous section. In fact, the surface mobility of Cu atoms
is greatly enhanced in the presence of Cl– as compared to a pure sulfate electrolyte
[105, 106]. We believe that this is the reason why we never observe monatomic steps
on the Cu crystallites in the Cl–-containing solution after deposition; the surface of the
crystallites is atomically ﬂat. In turn, this means that the electrochemical annealing pro-
cess should be even more eﬀective in the Cl–-containing electrolyte than in the Cl–-free
solution. Thus, the crystallites should have a shape close to equilibrium, especially if de-
posited at overpotentials close to the equilibrium potential of Cu deposition/dissolution.
Additionally, in STM images acquired during Cu deposition from a Cl–-containing solu-
tion we observe formation and growth of monatomic steps that are under an angle of
 30 to the side facets of the triangular crystallites, see Chapter 8. One would expect
the growth shape of a Cu crystallite to have side facets parallel to these monatomic
steps so that the whole crystallite is rotated with 30. As this is not the case, it indicates
that the triangular crystallites are possibly in equilibrium.
As in the case of the solution without Cl–, Cu crystallites nucleate and grow on the
Au(111) surface that is covered by a Cu UPD layer. In the Cl–-containing electrolyte,
the UPD layer structure is diﬀerent from the (1 1) structure, found in the electrolytes
that contain sulfate only. The exact structure of the Cu UPD layer at potentials lower
than the potential of the second UPD peak ( 25 mV, see Fig. 3.4) remains unknown.
However, we observe a moiré pattern similar to the one found at potentials between the
ﬁrst and the second UPD peaks, see Fig. 3.6a. But the appearance of the moiré pattern
at potentials lower than the second UPD peak is diﬀerent. Without further information,
it is not meaningful to speculate about the inﬂuence that the diﬀerent Cu UPD layer
structures in Cl–-containing and Cl–-free electrolytes could have on the nucleation and
possibly the shape of the Cu crystallites. For simplicity, we will ignore the UPD layer in
our following discussion.
Unfortunately, the triangular crystallites do not show the {111}-oriented side facets.
Because of that we cannot apply the same procedure to determine the distances from
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diﬀerent facets to the Wulﬀ point, as described in the previous section for the hexagonal
crystallites. However, we can still use it to determine an upper bound for the free energy
ratios if we account for the fact that the shortest distance from the center point O of
the horizontal (111) facet to a {111} side facet is at least the distance to a corner of
the triangle. On the basis of this assumption we can calculate the maximum possible
values of the h{100}/h{111} ratio and of the h/h{111} ratio1:
bCl
sCl{111}
= h
hCl{111}
 0.11 0.05 (5.3)
sCl{100}
sCl{111}
=
hCl{100}
hCl{111}
 0.86 0.03 (5.4)
We ﬁnd a large error margin for the ratio between the adhesion free energy bCl and
the free energy of a {111} facet s{111}, which amounts to 46%. The reason for that is
that we have measured a strong variation in the ratio between the height of the analyzed
crystallites and their lateral dimensions. This variation could indicate that the crystallites
are not in their equilibrium shape. On the other hand there is only very little variation
in the lateral shape of the analyzed triangular crystallites, leading to a relatively low
error in Eq. 5.4 (4%). This, in turn, suggests that the shape of the crystallites is in
equilibrium. An alternative explanation of the large error in Eq. 5.3 could be that the
adhesion energy is not the same for all crystallites. As we have discussed above, steps
can change the energetics of the interface between the substrate and the crystallite,
thus aﬀecting also the adhesion energy. This means that the adhesion energy could
depend on the number of steps and also on the total length of steps that are located
under the crystallite; a crystallite that is grown on a single step could have a diﬀerent
adhesion energy as one grown on a step bunch. To test this assumption, we have
plotted the height of the crystallites h as a function of their eﬀective diameter d, and
indicated also the number of Au steps under each crystallite, see Fig. 5.8. There is no
clear dependence of the d/h ratio on the number of steps (or also the total step length)
under the crystallites. A possible explanation for this could be diﬀerences in interface
structure between diﬀerent Cu crystallites and the Au surfaces. For example, diﬀerent
orientations of steps under the crystallites could result in diﬀerent adhesion energies.
Unfortunately, we do not have enough data to separate diﬀerent cases and study them
independently.
A possible explanation for the large spread of the d/h ratio is as follows. In the
deviation of theWulﬀ-Kaischev theorem it is implicitly assumed that the substrate has the
same lattice as the crystallite. Müller et. al. have shown that theWulﬀ-Kaischev theorem
has to be modiﬁed in order to account for the uniformly strained crystallites [172]. In the
1The results are based on analysis of 10 crystallites.
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Figure 5.8: Dependence of the height of the triangular Cu crystallites on their eﬀective
diameter (squares). The variation in the h/d ratio is much larger than in Fig. 5.2. The
number of Au steps under the crystallites is indicated above each point. The line shows a
linear ﬁt to the measured data.
case of a crystallite that is strained at the interface, the equilibrium shape is not scale-
invariant, i.e. its size can increase faster in the perpendicular direction than in the lateral
directions. Additionally, not only the number of steps under a crystallite, but also the
separation between the steps and their orientation relative to the main crystallographic
directions of the crystallite could inﬂuence the strain at the interface, and thus the d/h
ratio. This could lead to the large spread of the ratio, observed experimentally. Going
back to the rectangular crystallites, their shape could be also inﬂuenced by the surface
strain. As we have mentioned above, they nucleate only at step bunches and their long
sides are always parallel (or under a small angle) to the step bunch, see Fig. 5.7. The
latter could be explained by the strain at the interface: the long side is parallel to the
step bunch to minimize the strain caused by the bunch.
Until now we have assumed that the side faces of the triangular crystallites are {100}-
oriented. Although several arguments, mentioned above, indicate that this assumption
is correct, we cannot completely exclude the possibility that the side faces have a {111}
orientation, see Section 5.3.1. If we repeat the same calculations as the ones we have
conducted above, but now consider the side faces to be {111}-oriented, we get the
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following results:
bCl
sCl{111}
 0.22 0.11 (5.5)
sCl{100}
sCl{111}
 1.71 0.06 (5.6)
(5.7)
From 5.6 we ﬁnd that the surface free energy of the {100}-facets becomes much higher
than the energy of the {111}-facets in the presence of Cl–. This, however, contradicts our
experimental observation of the nucleation of the rectangular (100)-oriented Cu crystal-
lites in the Cl–-containing electrolyte. We observe these crystallites only if Cl– is present
in the electrolyte, which suggests that the nucleation energy for the (100)-oriented crys-
tallites is lower than in the Cl–-free solution. Since one of the contributions to the nu-
cleation work is the nucleus/liquid interface energy [14], decrease of the surface free
energy of the {100} facets can lead to the decrease of the nucleation barrier for the
rectangular crystallites. This conclusion could explain the formation of the rectangular
crystallites in the Cl–-containing solution, which are (100)-oriented. Thus, our initial as-
sumption that the side faces of the triangular crystallites are {100}-oriented is probably
correct.
Additional support of our assumption of the {100}-oriented side facets of the triangu-
lar crystallite comes from a calculation of the surface free energies of diﬀerent faces of
Cu nanoparticles as a function of the chemical potential of atomic chlorine [174]. The
calculations show that the increase of the chemical potential of Cl (increase of concen-
tration) lowers the surface free energies of both (100) and (111) faces. Moreover, the
decrease is much steeper for the (100) face than the decrease for the (111) face. This
agrees well with our results obtained under the assumption of the {100}-orientation of
the side faces of the triangular Cu crystallites.
STM studies of Cu single crystal electrodes with diﬀerent orientations in sulfuric acid
solutions and in Cl–-containing electrolytes show that in the presence of sulfate and ab-
sence of chloride, an ordered sulfate adlayer is formed on Cu(111) with a structure that
is commensurate to the underlying Cu layer1. In contrast, on the Cu(100) surface, no
ordered sulfate adlayer is observed [160]. These observations suggest that the sulfate
surface coverage is much larger on Cu(111) than on Cu(100). Since adsorption of an-
ions is driven by the reduction of the surface free energy, it is possible that the surface
free energy of Cu(100) is higher than that of Cu(111) in a SO–4-containing electrolyte.
In Cl–-containing electrolytes it was found that a more densely packed structure of ad-
sorbed chloride ions is present on Cu(100) than on Cu(111) [44]. In turn, this means that
1The Cu layer is reconstructed (expanded) in order for sulfate to ﬁt commensurably [161].
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the surface free energy of Cu(100) could be lower than that of Cu(111) in Cl–-containing
electrolytes. These observations are consistent with our assumption that the side facets
of the triangular Cu crystallites are {100} oriented in the presence of Cl–.
Unfortunately, we cannot estimate the change of the surface free energy due to the
Cl– adsorption, since the absolute values of the surface free energies are unknown.
Additionally, the adhesion free energies between the Cu crystallites and the Au(111)
substrate are also expected to be diﬀerent in the Cl–-free and the Cl–-containing solu-
tions.
5.3.3 Inﬂuence of SPS on the crystallite shape
Figure 5.9: Diﬀerentiated STM images of Cu crystallites electrodeposited from a solution
containing 0.1M H2SO4, 10mM CuSO4, 1mM HCl, and 10mM SPS. The shape of the crys-
tallites resembles a hemisphere. The crystallites were deposited at –100mV in two diﬀerent
experiments for: a) 0.5 s; b) 1.5 s. Prior to Cu deposition, sample potential was kept at +350
mV for 5 minutes and afterwards at +5 mV for 3 minutes. The crystallites in (a) were imaged
right after deposition, whereas in (b) the crystallites was imaged 30 minutes after deposition
while keeping the sample at -5 mV potential. Please note that the crystallites have various
sizes in (a) due to the progressive mode of nucleation, see Chapters 6 and 7. The inset in
(b) shows the height proﬁle of the crystallite. The sizes of the images are: a) 800800nm2;
b) 100  100nm2. The tunneling parameters are: –8mV sample potential, –15mV tip po-
tential,  500pA tunneling current.
The shape of the Cu crystallites deposited from a solution containing 0.1M H2SO4,
10mM CuSO4, 1mM HCl, and 10mM SPS diﬀers strongly from the crystallites grown in
SPS-free electrolytes, see Fig. 5.9. We do not observe well-deﬁned large atomically ﬂat
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terraces, as opposed to the SPS-free solutions. At short deposition times, the shape
of the crystallites appears to be close to hemispherical (see Fig. 5.9b and Fig. 5.10),
unlike the hexagonal and triangular crystallites without SPS. However, occasionally we
observe small ﬂat terraces on some of the crystallites. The hemispherical shape of
the Cu crystallites is not surprising since, it is generally considered that simple thiol
molecules, such as alkanethiols, have similarly strong aﬃnities for all crystalline faces of
metals [175]. This is, for example, manifested by the fact that gold nanoparticles formed
in the presence of thiols adopt a roughly spherical shape [176], which is probably due
to a large reduction of the surface free energy that leads to negligibly small diﬀerences
between the free energies of facets with diﬀerent orientations. In addition, Cu crystallites
that were electrodeposited onto Au electrodes, modiﬁed with alkanethiols of various
chain lengths, also appear hemispherical [130].
The ratio between the width and the height (d/h) of the Cu crystallites deposited from
an SPS-containing solution is 0.500.07, which equals to d/h for hemispherical crystal-
lites1. This means that if these nearly hemispherical crystallites would be in equilibrium,
the adhesion free energy b of the crystallites to the Au(111) surface would be equal to
the surface free energy ssurf of the crystallites [14].
Figure 5.10: Dependence of the height of the Cu crystallites, deposited in the SPS-
containing solution, on their eﬀective diameter (squares). The line shows a linear ﬁt to the
measured data. The slope of the line is 0.50 0.07, showing that the crystallites are nearly
hemispherical.
Surprisingly, we ﬁnd that at relatively long deposition times ( 5 s) in the SPS-containing
1Faceted crystallites might also have this d/h ratio.
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solution the Cu crystallites start to develop ﬂat faces, see Figs. 5.11 and 5.12a. The
large side faces of these crystallites have the same orientation as the side faces of the
triangular crystallites, deposited in the SPS-free but Cl–-containing solution. Please
note that the ratio between the width and the height (d/h) of these large crystallites is
also approximately 0.5; that is the same value as at shorter deposition times. Please
note also that the ﬂat terraces indeed develop at longer deposition times, see Fig. 5.12.
If we would scale down the crystallites observed in Fig. 5.11 to the size of the crystallites
in Fig. 5.9, the ﬂat top facets should remain visible in the STM images. However, we do
not observe these at short deposition times, see Figs. 5.9 and 5.12b.
Figure 5.11: Diﬀerentiated STM images Cu crystallites on Au(111) after 10 s of deposition
at 100mV overpotential from a solution containing 0.1M H2SO4, 10mM CuSO4, 1mM HCl,
and 10mM SPS. Prior to deposition, the Au(111) electrode was kept at +350 mV potential
for 5 minutes, and afterwards at +5 mV for 3 minutes. The crystallites exhibit atomically ﬂat
terraces. The height of the crystallites is 100nm. Please, note that due to an irregular STM
tip shape, some of the side facets are clearly visible. The size of the image is 500500nm2.
The tunneling parameters are: –8mV sample potential, –15mV tip potential,  500 pA
tunneling current.
A possible explanation for the observed change of the Cu crystallite shapes at longer
deposition times is illustrated in Fig. 5.13. At short deposition times, SPS molecules
are adsorbed on the surface of the Cu crystallites with a concentration close to the
one on the sample surface prior to Cu bulk deposition (Fig. 5.13a). As the deposition
continues, the surface area of the crystallites increases. This could lead to the decrease
of the surface concentration of the SPS molecules, if the supply of the SPS molecules
is rather slow. In turn, this would free up adsorption sites to other species present in
the electrolyte, such as Cl– and SO2–4 . Thus, at longer deposition times the surface free
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energies of diﬀerent faces of the Cu crystallites could be dominated by the anions rather
than by the SPS molecules.
Figure 5.12: Cross-section proﬁles of the Cu crystallites deposited for (a) 10 s and (b) 1 s
from an SPS-containing solution at 100 mV overpotential. The proﬁle in (b) is enlarged by
3 times for an easier comparison with (a). A ﬂat horizontal terrace is clearly present in (a),
whereas the proﬁle in (b) is rounded.
Figure 5.13: Model of Cu bulk deposition in the presence of SPS. a) At the initial stage of Cu
bulk deposition, the density of the SPS molecules adsorbed on the surface is approximately
uniform. b) At longer deposition times, the density of the SPS molecules on the growing
Cu crystallite decreases due to slow SPS adsorption and surface diﬀusion. Other species
present in the electrolyte (Cl–, SO2–4 ...) dominate the surface free energies.
The decrease of the surface concentration of SPS on the Cu crystallites could in-
deed be a noticeable eﬀect in our experiments. The supply of the SPS molecules to
the growing surface of the crystallites could take place by means of the adsorption of
the SPS molecules from the electrolyte and by the diﬀusion of the already adsorbed
molecules towards the growing surface. The adsorption of the SPS molecules on the
surface of the growing crystallites is probably slow in our experiments, since we use
a low SPS concentration of only 10mM. Indeed, Täuber et al. have studied SPS ad-
sorption on a Cu(111) surface from a solution containing 0.1M H2SO4 and 50mM SPS;
they have found that it takes roughly 120 minutes to completely cover the surface with
an adlayer of SPS [93]. The SPS molecule diﬀusion on the surface of the crystallites
is also rather slow with a hopping rate of 1.23 s–1 to 10 s–1, as has been measured by
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Moﬀat et al. on Cu(111) [97]. Thus, these experimental observations by other groups
support the model in Fig. 5.13.
5.4 Conclusions
In this chapter we studied the eﬀect of various ions and additives, such as SO–4, Cl
–, and
SPS, on the shape of the Cu crystallites that were electrodeposited on Au(111) in the
overpotential deposition regime. We discussed indications that the observed crystallites
are in their equilibrium shape (at least in the SPS-free electrolytes) and could deﬁne the
orientation of their faces. That allowed us to apply the Wulﬀ rule and extract the ratios
between the speciﬁc free surface energies of diﬀerent crystallite faces and also between
the speciﬁc free surface energies and the speciﬁc free adhesion energy.
The surface free energy of Cu is probably reduced by the adsorption of Cl–. The
decrease is diﬀerent for crystallite faces with diﬀerent orientations, resulting in a change
from hexagonal Cu crystallites deposited from aCl–-free solution to triangular crystallites
grown in a Cl–-containing electrolyte. The strong decrease of the surface free energy of
the {100}-oriented faces (relative to the {111} faces) in the presence of Cl– could lead,
in addition, to the appearance of rectangular crystallites that presumably have the (100)
orientation of the face parallel to the substrate surface.
After the addition of SPS to the solution, the shape of the electrodeposited Cu crys-
tallites becomes nearly hemispherical at shorter deposition times. Surprisingly, at de-
position times longer than  5 s the crystallites start to develop well-deﬁned, ﬂat faces.
We attribute the to the transient reduction in surface concentration of the adsorbed SPS
molecules on the surface of the growing Cu crystallites.
Chapter 6
Nucleation and growth of Cu
bulk deposits on Au(111)
The study of two processes that are crucial for electrochemical deposition, i.e. nucle-
ation and growth, is presented in this chapter. By using the in-situ STM together with
the potential pulse technique, we are able to extract important information on the bulk
Cu nucleation and growth at diﬀerent overpotentials, such as the nucleation density,
the speciﬁc nucleation site, and the time dependence of nucleation. This information
is close to impossible to obtain with purely electrochemical methods. In addition, we
present observations of processes such as surface alloy formation and ripening of the
deposit that accompany the Cu bulk deposition. Finally, we show how the addition of
SPS into the solution inﬂuences the nucleation and growth of Cu.
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6.1 Introduction
Nucleation of the bulk deposit is one of the crucial steps of metal electrodeposition.
It dictates the microscopic structure of the deposited layer, which in turn aﬀects the
properties of the deposit, such as the chemical, mechanical, optical etc. behavior. The
nucleation is followed by the growth of the nuclei, which is decisive for the further evo-
lution of the deposit. Thus, if one could characterize and understand the nucleation
and the growth, as well as the factors that have an impact on these processes, then
one could develop procedures to tune the properties of the electrodeposited layers in a
more direct manner than the customary trial-and-error approach.
Probably the most common method to study electrochemical nucleation and growth
is to measure the chronoamperometric response of the system to potential steps into the
overpotential region. The resulting experimental curves are usually ﬁtted to one of the
available models using ﬁt parameters such as the nucleation rate, the density of active
sites for nucleation, the diﬀusion constant etc.1 The models, however, make a variety
of assumptions and simpliﬁcations concerning the shape of the nuclei, their distribution
at the surface, the time-dependence of the nucleation rate, the mechanism of material
incorporation into the nuclei (direct attachment from solution vs. surface diﬀusion) etc.
These simpliﬁcations often lead to unjustiﬁed and incorrect conclusions. Sometimes, no
satisfactory ﬁt of the experimental data can be obtained by thesemodels. As this chapter
illustrates, direct imaging of nucleation and growth phenomena at the electrode surface
is essential, as it provides additional information on otherwise missing parameters, such
as the nucleation density or speciﬁc nucleation site.
Copper nucleation and growth on various substrates has been imaged by a vari-
ety of techniques, both ex-situ and in-situ. The ex-situ techniques include STM [178],
AFM [179, 180], and SEM [179, 181–185]. Although these techniques provide struc-
tural information at a high level of detail, they are very labor-intensive and thus diﬃcult
to implement. Also, the samples need to be taken out of the electrochemical cell for
mounting into one of the imaging devices, which could expose them to oxygen and
other contaminants if not performed in a controlled environment. The in-situ techniques
allow for surface imaging under potential control. Such direct, in-situ surface imaging
techniques, as STM [186–194], AFM [195, 196], and TEM [197, 198], were employed
to obtain information on nucleation and growth on the nanometer scale. However, they
are more diﬃcult to implement, since the imaging has to be carried out in liquid. Also,
these techniques suﬀer from the fact that either the tip, in the case of STM/AFM, or the
electron beam, in the case of TEM, can strongly interfere with the reactions occurring
at the electrode surface, locally inﬂuencing the nucleation and growth of the deposit
[54, 199–202].
1For a review of diﬀerent nucleation and growth models see [177].
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In this chapter we present our results on an in-situ STM study of Cu bulk nucleation
and growth on a Au(111) single-crystal surface. We show that, by using the potential
pulse technique in combination with the STM, we are able to acquire quantitative in-
formation an the inﬂuence of the overpotential and deposition time on the resulting Cu
deposit. Furthermore, we present additional observations of processes that accompany
Cu bulk deposition on Au(111), such as surface alloy formation and ripening of the de-
posit. Finally, we show how the addition of SPS to the electrolyte inﬂuences Cu bulk
nucleation and growth.
6.2 Experimental details
The experiments were carried out using our home-built high speed EC-STM, equipped
with a Zerodur ﬂow cell, see Chapter 2. The tip and sample preparation procedures are
described in Appendix A.
In preliminary experiments we found that the STM tip can inﬂuence the deposition
of Cu in its vicinity, see Appendix B. This makes it nearly impossible to image bulk Cu
nucleation and growth during the deposition. To circumvent this problem, we developed
a potential pulse technique. It is based on the standard pulse potentiostatic technique,
which is frequently used to study the nucleation kinetics [151]. First, we retract the STM
tip from the surface by shrinking the piezo scanner in the direction perpendicular to the
surface, the z-direction. Afterwards the tip is moved by the piezo scanner parallel to
the surface (the x-y plane) in the far-most corner of the maximum scan area. With a
piezo tube used as a scanner in our STM 1, this gives us a separation of approximately
500 nm in z and around 1.5mm in x-y. Then the sample is polarized for several minutes at
a potential, at which all the metal deposit from previous measurements is dissolved into
the solution. For Cu deposition on Au(111) this corresponds to a potential more positive
than 350mV, i.e. the potential of the Cu UPD peak, see Fig. 3.4. Next, the potential
is set to a value slightly above the equilibrium potential of bulk deposition ( 5mV).
The surface is kept at that potential for several minutes to assure that the UPD growth
is completed and the system is equilibrated. In the next step, the sample potential
is changed to a value more negative than the equilibrium potential. The potential is
kept there for a certain time duration. During this time, nuclei are formed and grow on
the surface of the sample. Afterwards the potential is raised to a value only slightly
below the equilibrium potential ( –5mV). At this potential the deposited crystallites
remain stable, as no dissolution and almost no growth is occurring. We would like to
mention here, however, that surface diﬀusion is still active and even enhanced at these
potentials, see chapter 5. Finally, the tip is moved back to the initial position and the
1The length of the tube is 12.7 mm, the outer diameter is 6.35 mm, and the inner diameter is 4.83 mm.
The material of the tube is PZT-5A.
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surface is imaged. The tip potential is set a few millivolts (5 – 15 mV) more negative
than the sample potential to assure that the deposit is not aﬀected by the imaging.
The procedure described above can be repeated multiple times and since the dis-
placement of the tip is done only with the ﬁne stage, i.e. the piezo scanner, we are able
to image exactly the same surface area after each cycle. By varying the potential pulse
duration and the pulse amplitude we can study nucleation and growth at the same part
of the surface.
By changing the pulse amplitude, i.e. by changing the deposition overpotential h,
one can control the supersaturation 4m at the electrode surface, as the two are linked
in the electrochemical environment by the relation in Eq. 1.1, see Chapter 1. In turn,
the supersaturation inﬂuences the nucleation work4G(n) for the formation of a clusters
of n atoms on the substrate.
6.3 Experimental results
6.3.1 Electrochemical current analysis
Figure 6.1: Chronoamperometry curves of Cu bulk deposition on Au(111) at 100mV over-
potential in (a) electrolyte, containing 0.1M H2SO4, 10mM CuSO4 (Cl–-free), and (b) after
addition of 1mM HCl (Cl–-containing).
Figure 6.1 shows typical chronoamperometry (CA) curves acquired during a 100mV
potential pulse to theCu overpotential deposition range in aCl–-free and aCl–-containing
electrolyte. The curves are not uniform; they show distinct features such as the peak
at 0.3 s in the Cl–-free solution and the peak at 0.1 s in the Cl–-containing case. Here,
we will describe these features only brieﬂy, as a more detailed description is given in
Chapter 7.
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The initial strong increase of the current’s absolute value (referred to as simply "cur-
rent" further in this chapter) at t = 0 s and its subsequent rapid decline are due to the
charging of the double layer. Sometimes, however, this current deviates from the behav-
ior expected for charging of a capacitor with a realistic value of the capacitance. This
deviation can, in some cases, be attributed to the initial ion discharge and accumulation
of the discharged species at the electrode surface, which is possibly accompanied by
the adsorption of these species [203]. The charging current overlaps with a pronounced
current peak. This current peak is associated with the initial nucleation and growth of
the crystallites (rising part of the peak) and with the subsequent overlap of either the
crystallites or their diﬀusion zones (decreasing part of the peak). As the overlap is com-
pleted, the current becomes a monotonically decreasing function of time. In the case
of a purely diﬀusion-limited deposition process, this function is described by the Cottrell
equation (Eq. 1.6) for a planar electrode [4].
The shape, the amplitude, and the position of the current peak on the time axis in the
CA curve are deﬁned by properties such as the nucleation rate, the number of nucleation
sites, the shape of the nuclei, and the rate-limiting mechanism of nucleation and growth.
These parameters may be extracted from the CA curves by ﬁtting the measured curves
to corresponding models. Several models based on diﬀerent assumptions and with
diﬀerent limitations exist, with which the CA curves can be described. In particular,
numerous models for the diﬀusion-limited nucleation and growth have been developed
and successfully applied to various systems (see [177] for a review). Probably, the most
popular model is the one by Scharifker and Hills (SH) [19], which assumes random
nucleation of hemispherical crystallites, growth under diﬀusion control, and subsequent
overlap of diﬀusion zones. The authors make a distinction between two limiting cases of
nucleation, i.e. instantaneous and progressive modes, and derive two simple analytical
formulas that describe the electrochemical current for the two cases. Both curves are
usually normalized by plotting them in a coordinate system with (i/imax)2 on the vertical
axis and t/tmax on the horizontal axis, where imax and tmax are the current and the time of
the current peak in the CA curve. In these coordinates, the equations given by themodel
do not depend on any of the system-speciﬁc parameters. Thus, by plotting experimental
CA curves in these coordinates one can distinguish between the instantaneous and the
progressive mode of nucleation.
Figure 6.2 shows two typical experimental CA curves and the curves calculated with
the SH model plotted in normalized coordinates. None of the experimental curves does
coincide with the model curves. Both curves lie above the calculated curves, which im-
plies that they are not an intermediate case between the instantaneous and progressive
nucleation, as those curves are expected to lie in between the limiting ones [20]. Thus,
on the basis of the CA curves and by using the SH model, we are unable to extract any
information about the nucleation mode, the nucleation rate for progressive nucleation
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Figure 6.2: Theoretical CA curves, calculated with the SH model for (I) progressive nucle-
ation and (II) instantaneous nucleation, together with the experimental CA curves acquired
at 100 mV overpotential in (1) Cl–-free and (2) Cl–-containing electrolytes. The CA curves
ale plotted in normalized coordinates.
or the number of nuclei for instantaneous nucleation.
We ﬁnd it rather surprising that the SH model has been successfully applied to Cu
deposition onto Au(111) single-crystals [192] and polycrystalline Au [198, 204] in the
past. However, the results are rather controversial. For example, the SH model for
progressive nucleation was used in [198], whereas the SH model for instantaneous nu-
cleation was used in [204] to describe precisely the same system with similar deposition
conditions. Surprisingly, both models produced a satisfactory ﬁt for the measured data.
The ﬁts, described in [192], of experimental data by the SHmodel were also reasonable.
We have tried to reproduce these measurements in our lab by using a Au(111) working
electrode in an electrolyte of the identical composition in a dedicated electrochemical
cell (same as in [192]). The resulting CA curves were again similar to the ones in Fig.
6.2. In Chapter 7 we will present a more detailed analysis of the deviations of our mea-
sured curves from the SH model and propose an alternative model, that produces a
better ﬁt of our experimental observations.
6.3.2 STM observations
6.3.2.1 Inﬂuence of the overpotential on Cu nucleation
Figure 6.3 shows a sequence of STM images illustrating the overpotential dependence
(at constant deposition time of 0.5 s) of the number of Cu crystallites grown on Au(111)
from a solution containing 0.1M H2SO4, 10mM CuSO4, and 1mM HCl. At overpo-
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Figure 6.3: STM images (diﬀerentiated) of Cu crystallites nucleated on the same surface
area of Au(111) at diﬀerent overpotentials: a) 50mV ; b) 100mV ; c) 120mV ; d) 150mV ; e)
200mV ; f) 400mV . The deposition time was 0.5 s in all images. The electrolyte composition
was 0.1M H2SO4, 10mM CuSO4, and 1mM HCl. In between consecutive potential pulses
all Cu deposit was stripped from the surface. The size of all images is 1.4  1.4mm2. The
tunneling parameters are: –8mV sample potential, –15mV tip potential, 500pA tunneling
current.
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tentials smaller than  50mV nuclei are almost never observed in our STM experi-
ments, see Fig. 6.3a. This is due to the low nucleation density at these overpotentials
in combination with the small area that is imaged in our STM experiments (typically
1.4  1.4 mm2). At overpotentials between  50mV and  200mV Cu crystallites are
readily found, but exclusively at the steps of the Au(111) surface, see Figs. 6.3b-e. We
ﬁnd that although at these overpotentials nucleation occurs at steps, the precise position
along the steps where Cu nucleates is random1. The number of nuclei increases with
increasing overpotential. At overpotentials above 200mV nucleation is observed also
on terraces, see Fig. 6.3f. We have observed a similar dependence of the nucleation
density on overpotential in a Cl–-free solution, containing 0.1M H2SO4, 10mM CuSO4.
However, we are not certain about the transition between nucleation exclusively at steps
and nucleation on terraces at higher overpotentials2 , as the Au(111) surface in Cl–-free
electrolyte contained a high step density without wide terraces.
6.3.2.2 Time-dependence of nucleation
Figure 6.4a shows the results of an experiment in a Cl–-containing solution, in which
the deposition overpotential was ﬁxed to 100mV, but the duration of the deposition
pulse was varied. At short deposition times, a number of relatively small Cu crystal-
lites is found on the surface. As the deposition time increases, the average number of
crystallites found on the same surface area does not change, but the crystallites get
larger. This indicates that the nucleation happens instantaneously at the beginning of
deposition, thus we have a constant average number of crystallites at longer deposition
times. We observe instantaneous nucleation also in Cl–-free electrolytes at overpoten-
tials lower than  180mV, see Fig. 6.4b.
Surprisingly, if we repeat the same experiment, either in a Cl–-containing or a Cl–-
free electrolyte, at the overpotentials higher than  180mV, we see that the number of
observed nuclei becomes a function of time: at longer pulse durations more nuclei are
formed on the surface, until a saturation density is reached at a suﬃciently long pulse
duration, see Figs. 6.5a and b. This behavior is typical for the progressive mode of
nucleation with an overlap of diﬀusion zones of the crystallites.
We have mentioned above that, in the Cl–-containing electrolyte, at overpotentials
higher than  200mV nucleation does not occur only at steps, but also on terraces.
However, nucleation on steps and on terraces does not occur simultaneously with the
same rate. Figure 6.6 illustrates a sequence of STM images acquired after Cu depo-
1This is true unless there is an obvious contamination at the surface, which then acts as a preferential
nucleation site.
2This transition is for a certain terrace width distribution only. Strictly speaking, there is no universal
transition, as on an ideal crystal surface with no steps, the nucleation would take place only at the terrace
sites at any overpotential, although the time needed for nucleation could be long.
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Figure 6.4: Time-dependence of number of Cu nuclei (red squares), electrodeposited at:
(a) 100mV from a Cl–-containing; (b) 120mV from a Cl–-free electrolyte. In both case nu-
cleation shows instantaneous behavior. The black curves are the corresponding CA curves.
The bottom horizontal axis shows time relative to the position of the current maximum of the
CA curve tmax . Diﬀerentiated STM images corresponding to the points in the graphs marked
by * and ** in (a) and # and ## in (b) are shown below the graphs. The Au surface in * and **
is very defect-rich, exhibiting large step bunches and only a few 25 nm-wide terraces. The
small islands in # and ## are Au islands of monatomic height that appeared due to surface
pretreatment; these islands are covered with Cu UPD layer. The size of all STM images is
1.4 1.4mm2.
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Figure 6.5: Time-dependence of number of Cu nuclei (red squares), electrodeposited at:
(a) 320mV from a Cl–-containing; (b) 180mV from a Cl–-free electrolyte. Nucleation ap-
pears to be progressive. The black curves are the corresponding CA curves. The bottom
horizontal axis shows time relative to the position of the current maximum of the CA curve
tmax . Diﬀerentiated STM images corresponding to the points in the graphs marked by * and
** in (a) and # and ## in (b) are shown below the graphs. The small islands in # and ## are
Au islands of monatomic height that appeared due to surface pretreatment; these islands
are covered with Cu UPD layer. The size of all STM images is 1.4 1.4mm2.
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sition at 400mV with diﬀerent potential pulse durations. At shorter times, nucleation is
observed almost exclusively at steps. At longer times, more and more nuclei appear
also on the terraces.
Figure 6.6: Diﬀerentiated STM images of Cu crystallites deposited in a Cl–-containing solu-
tion at 400mV overpotential for: a) 6ms; b) 10ms; c) 40ms; d) 200ms. At shorter deposition
times nucleation is observed almost exclusively at steps, whereas at longer deposition times
nuclei are also found on terraces. The size of all images is 1.4 1.4mm2.
6.4 Discussion
We would like to start the discussion with the observation of the transition from nucle-
ation at steps to nucleation also on terraces, see Fig. 6.3. Since we do not observe
nucleation on terraces at overpotentials lower than  200mV, we can conclude that
there is a larger energy barrier for the nucleation on terraces than for the nucleation at
steps; a larger supersaturation is needed to overcome the latter barrier. A larger energy
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barrier results also in a lower nucleation rate on terraces than at steps, which is what
we observe in Fig. 6.6.
Figure 6.7 shows the number of nuclei at steps and on terraces as a function of time,
extracted form Fig. 6.6. It is obvious that at steps the saturation nucleation density is
reached already after approximately 0.015 s. The number of nuclei on terraces keeps
increasing even after 0.04 s. From the graphs in Fig. 6.7, we estimate the nucleation
rates to be  30000 s–1 at steps and  2120 s–1 on terraces. However, both estimates
are very rough as we use only two points in the corresponding graph for calculating the
nucleation rate at steps. Also, we cannot be sure, whether our estimated nucleation
rate is the stationary nucleation rate. More measurements are needed to clarify these
issues.
Figure 6.7: Dependence of number of Cu nuclei, found at steps (squares) and on terraces
(circles), on the deposition time at an overpotential of 400mV .
If we assume that the estimated nucleation rates correspond to the stationary nucle-
ation, we can calculate the absolute diﬀerence between the nucleation energy barriers
4G at steps and on terraces. For that we use Eq. 1.18 from Chapter 1. If we use
the total number of nucleation sites that is equal to the total step length divided by the
nearest-neighbor distance on Au(111) surface and the total surface area of the terraces
divided by the area per Au atom (0.071 nm2), we calculate:
4Gterrace –4Gstep = 0.23eV (6.1)
We would like to stress that the value in Eq. 6.1 is only a rough estimate. For a more
precise value, more experiments for diﬀerent deposition times have to be carried out.
Also, the experiment should be repeated for various overpotentials, as this will allow
one to extract the absolute values of 4G (see also further in this section). We would
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like to mention here that these results might be compromised by the ohmic drop in the
electrolyte (see further in this section as well as in Chapter 7).
In the following, we would like to discuss the transition between instantaneous nu-
cleation at overpotentials lower than  180mV and progressive nucleation at higher
overpotentials, see Figs. 6.4 and 6.5. This transition is unusual, as one would normally
expect an opposite transition from more progressive to more instantaneous nucleation
at higher overpotentials. Indeed, if we assume a potential-independent constant num-
ber of possible nucleation sites and take into account the overpotential dependence of
the nucleation rate (Eqs. 1.1 and 1.18), the nucleation sites will be ﬁlled up faster at
higher overpotentials, leading to a more instantaneous nucleation.
One way to understand the transition from instantaneous to progressive nucleation
is to consider a potential-dependent number of nucleation sites. In our experiments,
prior to the overpotential pulse, we set the sample potential to +5mV, thus covering the
whole surface with a Cu UPD layer. The Cu UPD layer is terminated with an adlayer of
anions, i.e. either SO2–4 in a Cl
–-free solution or Cl– in a Cl–-containing one (see Chapter
3 and [23]). This anion adlayer may block the nucleation sites for bulk Cu deposition. At
higher overpotentials (more negative surface potentials), the anion adlayer is expected
to (partly) desorb. Indeed, Täubert et al. found a phase transition of the Cu UPD layer
in the bulk deposition potential region, which they attributed to the anion desorption
from the surface [205]. The anion desorption could lead to creation of a large number
of additional nucleation sites over a certain period of time after the application of the
potential pulse, resulting in a more progressive mode of nucleation. If we would assume
that the rate of the anion desorption has a Tafel-like behavior, we would expect that at
even higher overpotentials (much higher than  180mV), the nucleation would become
instantaneous again. We did not observe such a transition. For example, in Fig. 6.5
we observe progressive nucleation at overpotentials of 320mV and 180mV. Another
argument, speaking against this explanation, is that the majority of the nuclei are formed
at the atomic steps of the substrate, which correspond to defects of the Cu UPD layer,
see Chapter 3 and Figs. 3.6 c and d.
Another eﬀect that could inﬂuence the shape of the CA curves as well as possibly
lead to a transition from instantaneous to progressive nucleation is the ohmic drop in
the solution due to its non-zero resistance. We have found experimentally that the re-
sistance of the electrolyte, used in our experiments, is  45W. With deposition currents
reaching 4mA after the overpotential pulse of 320mV, this would result in a potential
drop of 180mV right after the potentiostatic pulse and a drop of 45mV after  0.1 s.
Thus, instead of having a sample overpotential of 320 mV, the actual sample overpoten-
tial would increase from 140mV to 275mV within this time. By following the arguments
from the previous paragraph, this increase of the actual overpotential over time could
lead to the formation of additional nucleation sites. However, we observe the transition
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from instantaneous to progressive nucleation also at lower overpotentials such as at
180mV, shown in Fig. 6.5b. There, the maximum deposition current amounts to only
 0.3mA and falls down to  0.2mA after  0.5 s, resulting in an actual surface po-
tential ranging from 168mV to 170mV within this time. Thus, since the overpotential
diﬀerence is rather small in this case, it cannot be responsible for the observed transition
from instantaneous to progressive nucleation at higher overpotentials. The inﬂuence of
the ohmic drop is discussed in more detail in Chapter 7.
We would like to stress that the transition from instantaneous to progressive nucle-
ation is not due to additional nucleation at terraces at higher overpotentials (although
the reason for both observations could be the same). This conclusion can be made
from the progressive nucleation behavior shown in the STM images in Fig. 6.5a, where
no large terraces are present and (almost) no nucleation is observed on the terraces.
Finally, we are not aware of another eﬀect that could result in the transition from in-
stantaneous to progressive nucleation at higher overpotentials. To our knowledge, the
observation of such a transition is rather unique, as it has been reported only in exotic
systems, such as metal electrodeposition on doped diamond [206] or
polyorthoaminophenol-modiﬁed Pt [207]. More measurements are required to be able
to explain our observation. For example, to test whether the desorption of anions is the
reason for this eﬀect, experiments with various Cu2+ concentrations but at the same
overpotential should be performed. In this way, the supersaturation will be varied with-
out varying the surface potential. To exclude the ohmic drop, one would need to either
reduce the electrochemical current by reducing the size of the sample, by reducing the
Cu2+ concentrations, or place the reference electrode as close as possible to the sam-
ple surface. Also, one could reduce the ohmic drop by increasing the ion concentration
of the supporting electrolyte, thus reducing the electrolyte resistance.
By analyzing the saturation density of Cu crystallites as a function of overpotential,
we can estimate the critical nucleus size. Due to the ohmic drop in our experiments, we
can apply this analysis only to the measurements in the Cl–-free electrolyte, as the elec-
trochemical current in this measurements was relatively low and it showed low variation
within the time that is needed to reach the saturation nucleation density.
There are several assumptions that we need to make about our system to be able to
perform this analysis. Firstly, we have to assume that the nucleation is progressive at all
overpotentials with a stationary nucleation rate Jst. This assumption is realistic, as the
instantaneous nucleation could be viewed as progressive nucleation with a very high
nucleation rate. Secondly, nucleation should proceed until the diﬀusion zones overlap.
Finally, deposition should be limited by diﬀusion1. In this case we can relate Jst to the
1As we will show in Chapter 7, deposition is not purely diﬀusion-limited. It is also limited by charge-
transfer kinetics.
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saturation density of the nuclei Ns [19, 203]:
Ns =

1
2
Jstp
8pcVmD
1/2
(6.2)
Here c is the bulk concentration, D is the diﬀusion coeﬃcient of Cu2+, and
Vm = 7.14 cm3mol–1 is the molar volume of copper.
Finally, we have to assume that the number of nucleation sites is potential-
independent. Then, we can calculate the critical nucleus size, nc, using the following
relationship [14]:
nc =
kT
ze
d lnJst
dh – e, (6.3)
where T = 300 K is the temperature, k is the Boltzmann constant, ze is the charge of
Cu2+ ions, and h is the overpotential. The constant e equals zero in classical nucleation
theory; in atomistic nucleation theory e equals a, where a is the charge transfer coef-
ﬁcient, if the growth occurs by direct attachment of the ions to the growing nuclei, and
e = 1 when the atoms are supplied via surface diﬀusion of adatoms on the electrode
surface.
Figure 6.8: Diﬀerentiated STM image of Cu crystallites deposited in a Cl–-containing solu-
tion at 120mV overpotential for 0.5 s. In the heavily stepped parts of the image, the crystallite
density along single steps is lower as well as the crystallite size is smaller, as compared to
the single step in between two relatively wide terraces in the middle of the image. The size
of the image is 750 360 nm2.
To determine which value of e to use in Eq. 6.3, we analyze an STM image of Cu
crystallites deposited at 120mV from a Cl–-containing solution, see Fig. 6.8. In this im-
age two diﬀerent types of surface regions can be distinguished: heavily stepped regions
with relatively narrow terraces (3 – 10 nm) are found in the left and in the right part of the
image, whereas two wide terraces ( 100nm) separated by a single step are present in
the middle of the image. One can see that, ﬁrstly, the density of the crystallites along the
single step in between two wide terraces is larger than the density of crystallites along
separate steps in the heavily stepped regions. Secondly, the crystallites at the single
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step are larger than the crystallites in the heavily stepped parts of the image. Both ob-
servations indicate that the Cu2+ ions are reduced everywhere on the surface. After
the adsorption, the Cu adatoms (or adions) diﬀuse on the terraces towards the steps,
where they either form new nuclei or are incorporated into the existing ones. Thus, we
have to take e = 1 in Eq. 6.3.
Figure 6.9: Dependence of the logarithm of the saturation nucleation density of the Cu
nuclei on the deposition overpotential in a Cl–-free solution. We would like to stress that for
the overpotentials larger than 180 mV (progressive nucleation), we have applied potential
pulses of such duration that the saturation nucleus density Ns is reached. The squares
represent the data acquired experimentally from STM measurements. The line is a linear ﬁt
of the data.
Figure 6.9 shows the dependence of the logarithm of the total number of Cu nuclei
on the overpotential, at which nucleation and deposition occurred. By ﬁtting a straight
line to the experimental results and extracting its slope, we calculate1 nc = 0.06 0.01
by means of Eqs. 6.2 and 6.3, assuming that e = 1. Please note that this result should
be taken with care since our assumption that deposition is diﬀusion-limited might be
unjustiﬁed. A value of nc  0 is sometimes found in other systems [208–210]. This
result is interpreted in such a way that the active sites for nucleation play the role of
the critical nuclei. The nucleation takes place without a thermodynamic barrier; it is
controlled by the kinetic factors only.
Although not shown here, we have obtained the same result of nc  0 for Cu nucle-
ation in a Cl–-containing solution. This result may have been aﬀected by the larger ohmic
drop, resulting from the higher measured electrochemical currents in the Cl–-containing
solution, in comparison with the Cl–-free solution.
1We use c = 10–5 M/cm3 and D = 6 10–6 cm2/s in the calculation.
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6.5 Additional observations
6.5.1 Surface alloying during bulk Cu deposition on Au(111)
Figure 6.10a shows an STM image of a Cu crystallite, deposited at 100 mV overpotential
for 2 s from a solution containing 0.1M H2SO4, 10mM CuSO4, and 1mM HCl. The
electrode surface around the Cu crystallite is covered by a Cu UPD layer, exhibiting the
well-known moiré structure (not visible in Fig. 6.10a), see Chapter 3. If the sample
potential is increased a few millivolts above 0 mV, the bulk copper deposit starts to
dissolve. However, even after complete dissolution of the Cu crystallite at +5 mV sample
potential, we observe some deposit left on the surface, see Fig. 6.10b. The shape of
this deposit is the same as the shape of the dissolved Cu crystallite. A zoom-in STM
image of the region with this remaining deposit reveals that the moiré pattern of the
Cu UPD layer is not disturbed by the presence of this deposit, see Fig. 6.10c. This
observation suggests that the remaining deposit is actually in (or under) the surface.
This conclusion is supported by the observation that the deposit remains stable in the
whole potential range where the Cu UPD layer is present on the surface. If the potential
is increased above 305mV, i. e. the dissolution potential of the Cu UPD layer in a Cl–-
containing electrolyte, the deposit disappears. At the same time, holes and islands with
a height of one Au monatomic step appear on the Cu UPD-free Au(111) surface. Figure
6.10d shows a part of the Au(111) surface before bulk deposition and alloy formation
and after deposition for  25min at 80 mV overpotential and subsequent stripping and
alloy dissolution at 310mV sample potential.
We believe that the remaining deposit, observed in Figs. 6.10b and c, is a surface
(or subsurface) alloy of Cu and Au. In fact, alloying between a Au substrate electrode
and electrodeposited Cu has been observed before [191, 193]. The alloy formation is
possible since Au and Cu are miscible in bulk. Also, due to a large lattice mismatch,
there is strain at the Cu/Au interface, which may be relieved by interface alloy formation.
However, in contrast to studies conducted on Au(100), where it was found that the sur-
face alloy dissolves even if the Cu UPD layer is present, we ﬁnd that the alloy remains
stable until the Cu UPD layer is stripped. It is surprising that the moiré pattern of the Cu
UPD layer appears undisturbed by the presence of the alloy, since one would expect
the alloy to possibly have a diﬀerent surface structure and also diﬀerent surface free
energy, which would result in either a diﬀerent structure of the UPD layer or its complete
absence.
Several questions arise concerning the Cu-Au alloy formation. Firstly, it is uncertain
whether the alloying is restricted only to one or several layers at the interface or if also
some dissolution of Cu in the bulk Au occurs. A possible indication of the formation of
the bulk alloy is deterioration of the quality of the Au(111) single crystal after repetitive
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Figure 6.10: STM images of Cu/Au surface alloy and its dissolution. a) Cu crystallite imaged
at –5mV sample potential. b) Same surface area as in (a) after the sample potential was
raised to +5mV . Bulk Cu was dissolved but some deposit remains on the surface. c)
Zoom-in at the area in (b), marked by the white square. The moiré pattern of the Cu UPD
layer is undisturbed by the presence of the surface alloy. d) Images of a diﬀerent surface
region that the one in (a)-(c) at 310mV sample potential before (left) and after prolonged
Cu bulk deposition and subsequent dissolution (right). The formation and the subsequent
dissolution of the (sub)surface alloy lead to the formation of adislands and vacancy islands
on the Au(111) surface. The sizes of the images are: (a),(b) 600320 nm2; (c) 7070 nm2;
(d) 500 950nm2.
experiments on Cu bulk deposition, as observed in our experiments1 as well as in [188].
Secondly, it is unclear if the formation of the surface alloy is a prerequisite for bulk Cu
nucleation and growth or if the alloy is formed after the creation of the Cu/Au interface.
Mostly we observe the alloy formation under the bulk Cu crystallites and the alloyed
surface region has the same contour as the crystallite, as in Figs. 6.10a and b. This
indicates that the alloying occurs at the bulk Cu/Au interface after a Cu crystallite has
grown. However, in some measurements we observe alloy formation everywhere on
1After prolonged use of a Au(111) single crystal in the Cu bulk deposition experiments, the surface
of the crystal becomes macroscopically as well as microscopically rough.
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the surface. It is not yet clear what conditions are required to observe alloy formation
not only at the Cu/Au interface. Also, we believe that the Au(111) sample history might
play a role, i.e. there might be a diﬀerence between a freshly prepared surface and one
that has been used as an electrode for bulk Cu deposition. Finally, the STM tip might
inﬂuence the alloy formation.
6.5.2 Ripening of the Cu deposit
Figure 6.11: Two consecutive diﬀerentiated STM images of Cu deposited at 500mV over-
potential for 0.5 s from Cl–-containing electrolyte. The image in (a) was acquired 20 s after
deposition and the image in (b) 80 s after deposition. Corresponding height proﬁles from the
lower left to the upper right corner of the images are shown below. The size of the images
is 1.4  1.4mm2. The tunneling parameters are: –13 mV tip potential,  300 pA tunneling
current.
We have discussed in Chapter 5 that the Cu crystallites electrodeposited at relatively
low overpotentials ( 180mV) and thus at low current densities appear to exhibit their
equilibrium shape and to be rather stable over time. However, if we deposit Cu at high
overpotentials the resulting ﬁlms appear dynamic. Figure 6.11a shows an STM image of
a Cu layer right after deposition at 500mV overpotential for 0.5 s from a Cl–-containing
electrolyte. The surface is covered by Cu crystallites of uniform sizes with an average
height of 5 nm and a diameter of  50nm. The Cu crystallites, which were formed at
the steps of the underlying Au(111) substrate, are connected to each otehr. After only
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 60 s the structure of the Cu deposit has changed dramatically, see Fig. 6.11b. Firstly,
multiple crystallites seem to merge together, resulting in crystallites with larger lateral
extensions, whereas their average height increases only slightly (5 – 10 nm). Secondly,
some of the features, such as the connected Cu crystallites at the step in lower left part
of Fig. 6.11a, grow immensely in height, see Fig. 6.11b. Within this short time period,
the height of this feature increased from  6nm to  45nm. We would like to stress
that at the sample potential of –5mV, at which the STM imaging is done, almost no Cu
deposition from the electrolyte occurs. Thus, the growth of this feature must come from
the mass transport at the surface, either via surface diﬀusion of the material or diﬀusion
via the electrolyte. We refer to this process as the "ripening" of the deposit. We would
like to mention that this process is not due to the inﬂuence of the STM tip. In some
experiments we waited for  10 min after the deposition with the STM tip retracted from
the surface. Then we imaged the surface, witch appeared already ripened, similar to
what is shown in Fig. 6.11b.
We think that the excess strain that is accumulated at the Cu/Au interface due to
a large (13%) lattice mismatch between the two might be the reason for the observed
ripening process. As the crystallites grow due to the ripening process, the introduction
of dislocations might become energetically favorable. These dislocations lead to the
relaxation of strain, and thus to a lower total energy of the system [172].
6.6 Eﬀect of SPS: preliminary results
SPS is added to the industrial Cu plating baths to create a "brighter" deposit, i.e. an
optically smooth and reﬂecting layer. This means that in the presence of SPS smaller
Cu crystallites nucleate with a higher nucleation density [211]. This is indeed what
we observe with the STM, see Fig. 6.12. In the whole studied overpotential range
(80mV – 400mV), nucleation is observed everywhere on the surface, i.e. not only at
steps as in the SPS-free solution, see Fig. 6.12b. We would like to mention that the
imaged shape of the Cu crystallites in Fig. 6.12b-c is inﬂuenced by the shape of the
STM tip. In Chapter 5 we have found that Cu crystallites appear nearly hemispherical.
There is a large spread in the sizes of the nuclei, which indicates the nucleation is pro-
gressive1. After Cu deposition at 140mV overpotential, the number of Cu crystallites
increases greatly, whereas their size decreases, see Fig. 6.12c. The substrate steps
become nearly invisible due to deposit. At overpotentials higher than 140mV, the sur-
face becomes completely covered by the deposit, see Fig. 6.12d . The resulting RMS
roughness of the deposited Cu is  2nm. There is no preferential nucleation at surface
1If nucleation is instantaneous, all crystallites nucleate simultaneously. Thus their size is approxi-
mately the same. During progressive nucleation, the crystallites that nucleate earlier, grow larger than
the crystallites that nucleate later.
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steps, as opposed to the SPS-free solution, see Fig. 6.3f.
The increased nucleation density in the SPS-containing solution, as compared to
the SPS-free case, could be intuitively associated with the increased number of nu-
cleation sites because of the appearance of vacancy islands due to SPS adsorption
as well as the appearance of the islands with the height of a monatomic step on the
Au(111) surface during the Cu UPD layer formation in the presence of SPS, see Fig.
6.12a and Chapter 3. However, we ﬁnd that this is not the major reason for the in-
Figure 6.12: STM images of the same surface area (a) at +350mV sample potential before
Cu bulk deposition and after deposition from an SPS- and Cl–-containing solution at (b)
100mV , (c) 140mV , and (d) 220mV overpotential for 0.3 s. Before deposition, the sample
was kept at +350mV sample potential for 3 minutes and afterwards at +5mV for 2 minutes.
Images (b) and (c) are diﬀerentiated. Vacancy islands that appear due to SPS adsorption
are visible in (a). Note that there was a tip switch in the center of the image in (a). The Cu
deposited was stripped completely in between all images. Please note that the particular
shape of the Cu crystallites is due to a blunt tip. The size of the images is 1.4 1.4mm2.
creased nucleation density. On average, the nucleation density due to the monatomic
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UPD islands in presence of SPS would be N0 = 1.8 1015 cm–2, if we assume that
each atom in the edges of the islands could act as a nucleation center. On the other
hand, in Fig. 6.4a we have conducted Cu deposition experiments from an SPS-free
solution on a highly stepped region of the surface. If we assume that each atom in
the steps can act as a nucleation center, we get an approximate nucleation density of
N0 = 1.5 1015 cm–2. Yet, if we compare the nucleation density in a solution without
SPS in Fig. 6.4a (3.6 109 cm–2) and one with SPS in Fig. 6.12b (1.8 1010 cm–2),
deposited at the same overpotential, we see that the number of step-related, potential
nucleation sites is not the determining factor.
As we have shown in Section 6.4, the critical nucleus size nc  0 suggests that the
nucleation is limited by kinetics. It is known that for the electrochemical reduction of the
Cu2+ ions, formation of the Cu+ species forms the rate-determining step [12], see Eq.
1.15. Thus, the formation of the Cu+ ions at the electrode surface governs the kinetics
of nucleation and growth. Further, it has been shown that the presence of the SPS in
the solution leads to an increase of the concentration of the Cu+ species, probably due
to complex formation between the two. This results in an acceleration of Cu deposition
[150]. Thus, the presence of SPS accelerates the kinetics of Cu2+ reduction, thereby
increasing the nucleation rate of Cu crystallites. This could explain the increase of the
nucleation density in the SPS-containing electrolyte, observed in our experiment. We
come to the same conclusion by analyzing the chronoamperometry curves acquired
during Cu bulk deposition in the presence of SPS, see Chapter 7.
6.7 Summary
We studied Cu nucleation and growth on Au(111) in situ using STM. By applying our
potential step technique, we were able to observe Cu nucleation at diﬀerent overpo-
tentials and deposition times at the same part of the surface area without signiﬁcant
inﬂuence of the STM tip on the deposition process. We could obtain such data as the
mode of nucleation (instantaneous and progressive), nucleation density, distribution of
nuclei (nucleation at steps and on terraces), growth mode (direct attachment vs surface
diﬀusion), and the critical nucleus size as the function of overpotential from our STM im-
ages. These parameters cannot be acquired from the analysis of the CA curves using
the standard models. Further, we observed surface alloying and ripening that accom-
pany Cu bulk deposition. Finally, we studied the eﬀect of SPS on Cu nucleation. We
concluded that the increased nucleation density in the presence of SPS is probably not
due to the increase of the number of nucleation sites, but rather due to acceleration of
the Cu2+ ion reduction at the electrode surface.
Chapter 7
Chronoamperometric study of
Cu bulk deposition on Au(111)
In this chapter we present a study of Cu overpotential deposition on Au(111) by means
of the analysis of chronoamperometry curves. We ﬁnd that the experimental curves
cannot be described using the commonly applied theories of diﬀusion-limited nucleation
and growth. We analyze which factors could explain the observed discrepancies. We
show that the chronoamperometry curves can be described by taking into account an
additional barrier for the transition from Cu2+ to Cu at the electrode, i.e. an ion transfer
barrier, together with diﬀusion-limited material transfer from the bulk of the solution to
the electrode surface. Finally, we show that the addition of SPS to the solution reduces
the ion transfer barrier, resulting in chronoamperometry curves that are more similar to
those predicted by the theories of diﬀusion-limited nucleation and growth. We attribute
this observation to the formation of the SPS-Cu+ complexes.
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7.1 Introduction
Current transient measurement, or chronoamperometry (CA), is widely used to charac-
terize the processes involved in electrochemical deposition. It allows one to obtain qual-
itative and quantitative information about themechanisms and kinetics of nucleation and
growth of the deposit. To obtain such information, the experimentally measured curves
are interpreted by means of one of the theoretical models developed for this purpose.
One of the ﬁrst models that accounted for multiple nucleation and diﬀusion-limited
growth was developed by Scharifker and Hills (SH) [19]. Nowadays, the SH model still
remains one of the most widely used models to describe the experimentally measured
CA curves, as it provides simple analytical expressions for the current, see Eqs. 1.21
and 1.22. The model distinguishes between two diﬀerent modes of nucleation: instan-
taneous, when a ﬁxed number of nuclei is formed right after the application of the over-
potential, and progressive, when the number of nuclei has a linear time dependence.
This model has been later extended by Scharifker and Mostany (SM) for a more gener-
alized description of nucleation, removing the need for the deﬁnition of the two separate
nucleation modes [20].
Although, in many cases it has been found that the SH and the SM models provide
satisfactory ﬁts to the experimental CA curves, the parameters, such as the nucleation
density and nucleation rate, estimated from the ﬁts, can be wrong by orders of magni-
tude [180, 183, 198, 212].
The SH model has faced criticism due to the assumptions and simpliﬁcations made
in its derivation. One of such simpliﬁcations is the way the 3D diﬀusion of the ions is pro-
jected onto the planar area of the electrode. Some other models have been developed
that compensate for the weaknesses of the SH model [177]. However, those models
either introduce other assumptions, which are sometimes even more unrealistic, or do
not provide analytic relations that could be used to ﬁt and interpret experimental data.
For some experimental systems the SH model is not applicable, since the diﬀusion
of the material from the bulk of the solution to the electrode surface is not the most
obstructing process for the electrodeposition. Thus, somemodels have been developed
to account for such eﬀects as the barrier for ion transfer [213] (transition from the ionic to
metallic state) or the ohmic drop in the solution [214]. However, in many real systems the
rate of the electrodeposition processmay not be governed by a single eﬀect but rather by
a combination of several eﬀects. It is said that deposition proceeds under mixed kinetic
control. Although there aremodels that account for mixed growth kinetics of single nuclei
or of a number of non-interacting nuclei on the electrode surface [9, 203, 215], there
are virtually no models that would account for the nucleation and growth of interacting
nuclei under mixed kinetic control with subsequent overlap of diﬀusion zones around
the nuclei. To study electrodeposition in such systems, numerical computer simulations
have been utilized [216].
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In this chapter we show that for a correct theoretical description of Cu electrode-
position on Au(111) one has to take into account mixed kinetics. We discuss diﬀerent
factors, such as the non-hemispherical shape of the nuclei, the non-random distribution
of the nuclei at the electrode surface, and ohmic drop, that might lead to a deviation
of the measured CA curves from the curves calculated with the SH model. Finally, we
develop a model that shows that the experimental CA curves are much better described
by taking into account an ion transfer barrier and diﬀusion-limited supply of ions to the
electrode surface. Please note, that in this chapter we conﬁne ourselves only to Cu
nucleation and growth at overpotentials equal to or below 180mV to simplify the anal-
ysis, as at these overpotentials we do not have to account for nucleation at terraces in
addition to nucleation at steps (for the average terrace width found in our experiments),
see Chapter 6.
7.2 Experimental details
The CA measurements were carried out using either an Ivium CompactStat potentio-
stat [100], or the home-built potentiostat that is also used in the STM experiments. The
majority of the measurements presented in this chapter were carried out in a dedicated
electrochemical cell, in which the working electrode was brought into contact with the
solution in the "hanging-meniscus" conﬁguration. A gold wire was used as a counter
electrode and a mercury/mercurous sulfate electrode was used as a reference elec-
trode. Also, some of the measurements were performed in the electrochemical ﬂow-
cell, which is used for the STM measurements (see Section 2.2.3.1). A gold wire was
used as a counter electrode and either a mercury/mercurous sulfate electrode or a Cu
wire was used as a reference electrode.
The composition of the electrolyte, further referred to as the Cl–-free electrolyte, was
0.1M H2SO4 and 10mM CuSO4. The Cl–-containing electrolyte had the same base
composition, as the Cl–-free one, and additionally contained 1mM HCl. The electrolytes
were deaerated prior to measurements by bubbling nitrogen.
A Au(111) disc electrode was prepared using the procedure described in Appendix
A. The electrochemically roughened Au electrode was prepared as described in Chapter
4.
7.3 Deviation from the SH model
7.3.1 General considerations
Figure 7.1 shows experimental CA curves measured in Cl–-free and in Cl–-containing
electrolytes together with the best-ﬁt curves, calculated using the SH model for instan-
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Figure 7.1: Experimental CA curves (black lines) measured using a Au(111) working elec-
trode in: (a) Cl–-free electrolyte at 70mV overpotential; (b) Cl–-containing electrolyte at
100mV overpotential. The red lines are the best-ﬁt curves, calculated using the SH model
for instantaneous nucleation. The corresponding ﬁt parameters are Cb = 10–5 M/cm3 and:
(a) D = 1 10–5 cm2/s, N0 = 2.3 106 cm–2; (b) D = 5 10–6 cm2/s, N0 = 3.5 107 cm–2.
Typical STM images (diﬀerentiated), acquired after deposition at the corresponding overpo-
tential, are shown in the insets.
taneous nucleation, see Eq. 1.21. The calculated curves deviate quite strongly from the
experimental ones at the initial stages of nucleation and growth, i.e. where the current
peak is observed. Moreover the nucleation density N0 that we obtain from the best-
ﬁt is orders of magnitude smaller than we get from the STM measurements. We get
N0 = 2.3 106 cm–2 from the ﬁt1 in Fig. 7.1a and N0 = 3.5 107 cm–2 from the ﬁt in
Fig. 7.1b, whereas from the STM measurements we determined that N0 = 1.4 108
cm–2 and N0 = 2.8 108 cm–2 for the two cases respectively. If we calculate the cur-
rent peak maximum with the SH model using the N0 values determined with the STM,
we get the peak current of around 80mA/cm2, which is much larger than the value from
the experimental CA curves.
One could argue that the curves calculated in Fig. 7.1 do not coincide with the exper-
imental CA curves due to the wrongly estimated parameters used in the calculation. To
free ourselves from the system-speciﬁc parameters, we plot the experimental and the
calculated CA curves in the dimensionless coordinates, in which I2/I2m is plotted against
t/tm, with Im and tm referring to the current maximum of the measured potentiostatic
transient, see Fig. 7.2. Clearly, the experimental CA curves do not coincide with the
calculated ones even if we do not use any system-speciﬁc parameters. Both measured
CA curves lie signiﬁcantly above the calculated ones, which implies that they are not
1Please not that we use the following ﬁtting procedure. Firstly, we determine the diﬀusion coeﬃcient D
by ﬁtting the CA curves at long deposition times with the Cottrell equation, see Eq. 1.6. Strictly speaking,
this step is not entirely correct since D should not be a free ﬁtting parameter. Then, using the determined
D we ﬁt the CA curves with Eq. 1.21 and obtain N0.
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Figure 7.2: Experimental CA curves (black lines) plotted in normalized coordinates. The
curves were measured in: (a) Cl–-free electrolyte at 70mV overpotential; (b) Cl–-containing
electrolyte at 100mV overpotential. The red lines represent curves calculated with the SH
model for instantaneous nucleation and the blue lines are calculated for progressive nucle-
ation.
an intermediate case between the instantaneous and progressive nucleation, as those
curves are expected to lie in between the limiting ones [20]. Based on that we conclude
that the SH model is not applicable for the description of the experimental data, either
because one or several assumptions of the model are not satisﬁed in our experimental
system, or because the growth of Cu deposit is not (only) diﬀusion-limited.
The assumption of a completely random distribution of the nuclei at the electrode
surface, which is a crucial element in the derivation of the SH model, may be violated
during Cu electrodeposition on Au(111), as we showed in Chapter 6 that Cu nucleates
preferentially at steps. However, if we oxidize and reduce a Au(111) surface in a Cl–-free
electrolyte, we create multiple monatomically-high Au islands everywhere on the elec-
trode surface, see STM image in Fig. 7.3b and Figs. 6.4b and 6.5b, thus covering the
whole surface with nucleation sites for Cu deposition. Therefore, one would expect that
the distribution of the nuclei would become much more random at the oxidized/reduced
Au(111), leading to a better ﬁt of the experimental CA curves by the SHmodel. However,
we do not observe such an eﬀect, see Fig. 7.3.
To address this issue further, we can study the probability distribution to ﬁnd a nearest
neighbor of a Cu crystallite within a certain distance interval. If the nuclei were randomly
distributed on the surface, the probability p(r)4r of observing the nearest neighbor within
the distance interval 4r = r2 – r1 is given by [14, 19]:
p(r)4r = exp(–pN0r21 ) – exp(–pN0r22 ). (7.1)
Here N0 is the density of nuclei. Figure 7.4 shows two examples of experimentally
determined nearest neighbor distributions of the Cu crystallites from the STM measure-
158 7.3 Deviation from the SH model
Figure 7.3: CA curves (black) measured using a Au(111) surface (a) without and (b) with
a high density of monatomically-high Au islands in the Cl–-free solution at 100 mV over-
potential. The corresponding diﬀerentiated STM images are shown next to the CA curved
(after deposition for 1 s). Please note a double-tip in (b). Both measured curves deviate
from the calculated ones using the SH model for progressive (blue) and instantaneous (red)
nucleation.
ments together with the curves calculated with Eq. 7.1. The good agreement between
the experimental and theoretical distributions shows that the distribution of nuclei may
be treated as random. This suggests that the distribution of the nuclei at the elec-
trode surface cannot explain the observed diﬀerence between the SH model and the
experiments. Moreover, we have measured CA curves of Cu deposition on an electro-
chemically roughened Au electrode, as used in the Ramanmeasurements, see Chapter
4. These curves show a similar deviation from the SH model, as the curves measured
using the Au(111) electrode, see Fig. 7.10a in Section 7.4.
In the SH and the SM models it is assumed that the crystallites of the deposit have
a hemispherical shape. This is deﬁnitely not the case for Cu electrodeposition from
both Cl–-free and Cl–-containing, but SPS-free electrolytes, see Chapter 5. Although
the shapes of the Cu crystallites cannot be precisely represented by hemispheres, they
should be described with a greater precision by spherical caps with the height that is
much smaller than half the width. Branco et al. modiﬁed the SMmodel to account for the
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Figure 7.4: Nearest neighbor distribution of Cu nuclei at Au(111) surface deposited (a)
from a Cl–-containing electrolyte at 70mV overpotential and (b) from a Cl–-free electrolyte
at 120mV overpotential. The red line represents the calculated distribution according to Eq.
7.1. The distributions were measured on the basis of (a) 12 and (b) 7 STM images of the
same surface area after consecutive deposition experiments with complete dissolution of the
Cu deposit in between. Typical diﬀerentiated STM images of the deposit (after deposition
for 0.5 s) are shown in the insets. Please note that the Au(111) surface in (b) is roughened
with monatomic Au islands due to surface pretreatment.
spherical cap shape of the crystallites [217]. Their results show that the deviation from
the hemispherical crystallite shape towards a spherical cap would lead to an increase of
the current peak in the CA curves. However, in our experiments we see that the current
maximum is much lower than the value calculated with the SH (or SM) model. Thus, the
non-hemispherical shape of the crystallites is not a major factor leading to the deviation
of the experimental results from the SH model.
7.3.2 Eﬀect of ohmic drop
An experimental factor that could have a strong inﬂuence on the shape of the experi-
mental CA curves, as well as the results acquired with the STM, is the ohmic drop in
the electrolyte during the bulk Cu deposition [216]. Ohmic drop may become signiﬁcant
if the supporting electrolyte concentration is low, the concentration of the ions of the
deposit is high, and the surface area of the working electrode is large. In our experi-
ments, the area of the Au(111) electrode exposed to the electrolyte is relatively large
and equals 0.071 cm2. Together with the Cu2+ ion concentration of 10mM it leads to
deposition currents ranging from several tens of microamperes to several milliamperes.
These currents could lead to a strong deviation of the real electrode potential from the
value set by the potentiostat, if the electrolyte resistance between the reference elec-
trode and the sample would be high. In addition, since the current vs. time is not a
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simple monotonic function, it is impossible to account for the ohmic drop in the SH
model by analytical means.
Estimating the solution resistance is rather simple for the Au(111) electrode in the
electrolyte composition used in our experiments, as the CV shows a relatively broad
double-layer region at the potential range between 400mV and 600mV, see Fig. 3.4.
Since no Faradaic processes occur at these potentials and current ﬂows only due to the
charging of the double-layer, it can be described by Eq. 1.31. By ﬁtting the experimen-
tally measured transients with Eq. 1.31, we obtain a resistance of R = 46.9 4.9Ohm.
To probe the inﬂuence of the ohmic drop on the current transients in our system, we
conducted the following experiment. We increased the concentration of the support-
ing electrolyte to reduce the solution resistance. The solution contained 0.5M H2SO4,
10mM CuSO4, and 1mM HCl, in contrast to the original solution which contained
0.1M H2SO4, 10mM CuSO4, and 1mM HCl. We measured the resistance between
the reference and the working electrode to be R = 13.4 4.0Ohm, which is almost 4
times less than in the solutions used in all our previous experiments1. One would ex-
pect that if the reason for the deviation of the measured CA curves from the SH model
is the ohmic drop, the decrease of the solution resistance should lead to CA curves
that are more similar to the ones calculated with the model. Also, the magnitude of the
current maximum in the CA curves should increase upon the decrease of the solution
resistance, if the ohmic drop is the dominant eﬀect. However, we observe a completely
opposite eﬀect: ﬁrstly, the current maximum decreases if the resistance is decreased
1Besides the resistance, the pH of the solution is changed from 1 to 0.33.
Figure 7.5: The eﬀect of the supporting electrolyte concentration on the CA curves. The
black curve was measured in a solution containing 0.1M H2SO4, and the green curve was
measured in 0.5M H2SO4. Both solutions contained 10mM CuSO4 and 1mM HCl. The CA
curves are plotted in: a) conventional coordinates; b) in normalized coordinates with curves
calculated using the SH model for instantaneous (red) and progressive (blue) nucleation.
7. CHRONOAMPEROMETRIC STUDY OF CU BULK DEPOSITION ON AU(111) 161
(Fig. 7.5a), and secondly, the CA curves in the low-resistance solution also strongly
deviate from the ones calculated with the SH model (Fig. 7.5b). These results let us
conclude that the ohmic drop is not the reason for the deviation of the experimental CA
curves from the ones predicted by the SH model.
7.3.3 Ion transfer control
A hint to the question "Which eﬀect leads to the deviation from the SH model?" is partly
present in Fig. 7.5a, but it becomes more obvious if one compares the CA curves shown
in Fig. 7.6. The SH model predicts that at longer times, when the diﬀusion zones of
all crystallites overlap, the electrochemical current should have the time dependence
of a diﬀusion-controlled growth of a planar electrode, described by the Cottrell equa-
tion. Thus, the current at long times after the maximum should not be a function of the
applied potential. However, we ﬁnd that the CA curves in Fig. 7.6, acquired at 70mV
and 100mV overpotential, do not merge, even for signiﬁcant periods of time after the
current maximum; the behavior of the current at longer times becomes a function of
the potential. This strongly suggests that the ion transfer could play a signiﬁcant role in
the deposition process. Obviously, if the deposition process would be only ion transfer
controlled, the current would not decline with time at longer times. Thus, for a correct
description of the CA curves, both ion transfer and diﬀusion have to be taken into ac-
count.
Figure 7.6: Two consecutively measured CA curves acquired at 70mV (black curve) and
100mV (red curve) overpotential in a Cl–-containing electrolyte. The curves do not over-
lap even after a signiﬁcant period of time after the current maximum (t > 3tmax), which is
expected in the case of diﬀusion limited deposition.
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A theoretical treatment of growth of a hemispherical nucleus under a combined diﬀu-
sion and ion transfer control has been derived by Fletcher [9]. An analytical treatment of
multiple nucleation and growth without overlap under combined diﬀusion and ion trans-
fer control was also developed by Milchev [13]. However, we were unable to ﬁnd an
analytical description of deposition on a planar electrode under these conditions in the
literature, so we will derive it here. The electrochemical current density i(t) is related to
the interfacial ﬂux j(t) by the expression:
i(t) = zFj(t), (7.2)
where F is the Faraday constant and z is the charge of the ions in signed units of
electronic charge. Using the Fick’s ﬁrst law we can rewrite Eq. 7.2 in the following way:
i(t) = –zFD¶C
¶x

x=0
(7.3)
Now, by solving the Fick’s second law for a planar electrode for the case of Cb > Cs1
we obtain:
¶C
¶x

x=0
= Cb – Csp
pDt
(7.4)
Combining Eqs. 7.3 and 7.4 we get:
i(t) = zF (Cb – Cs)
p
Dp
pt
(7.5)
The electrochemical current given by Eq. 7.5 must balance the rate of the interfacial ion
transfer reaction, which is given by Eq. 1.16. For Cu electrodeposition, we get z = 2,
zf = 0, and n = 1 from Eq. 1.15. By taking into account the mass transfer, Eq. 1.16
becomes:
i(t) = i0

Cs
Cb
exp

a
Fh
RT

– exp

– (2 – a) FhRT

, (7.6)
where i0 is the exchange current density, a is the charge transfer coeﬃcient, h is the
overpotential, and R is the gas constant. Combining Eqs. 7.5 and 7.6 and excluding
Cs, we get:
i(t) =
1 – exp
h
– zFhRT
i
1
i0
exp
h
–

zf
n + a

Fh
RT
i
+
p
pt
zFCb
p
D
. (7.7)
This expression describes the time-dependence of the current density due to the elec-
trochemical growth on a ﬂat electrode under the combined diﬀusion and ion transfer
control. Figure 7.7 shows experimental CA curves of Cu electrodeposition on Au(111)
with the corresponding ﬁts using the Cottrell equation and Eq. 7.7. Indeed, the curves
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Figure 7.7: Experimental CA curves (black lines) acquired at 70mV overpotential (a) in
Cl–-free and (b) in Cl–-containing solutions. The red lines represent the best-ﬁt of the ex-
perimental curves at longer times (t > 5 tmax, where tmax is the time of the current peak)
using the Cottrell equation. The blue lines show the best-ﬁt of the same data range using Eq.
7.7 with D and i0 as ﬁt parameters. We have assumed the nucleation to be instantaneous,
based on our STM results from Chapter 6.
Figure 7.8: Comparison of CA curves acquired at various overpotentials (a) in Cl–-free and
(b) in Cl–-containing solutions. The dashed line represents purely diﬀusion-limited deposi-
tion current, calculated with the Cottrell equation, see Eq. 1.6. With the increasing overpo-
tential the CA curves approach the current of the purely diﬀusion-limited growth, especially
at longer times. However, the deviation from the diﬀusion-limited growth is larger in the
Cl–-free solution as compared to the Cl–-containing one, indicating a stronger ion transfer
barrier in the former case.
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calculated under the assumption of combined diﬀusion and ion transfer control describe
the experimental results better than if only diﬀusion control is considered.
In the case of the electrodeposition process under the mixed diﬀusion and ion trans-
fer control one expects that the electrochemical current would approach that of purely
diﬀusion-limited growth with the increasing overpotential, especially at long deposition
times. Figure 7.8 shows a sequence of CA curves acquired at various overpotentials
in both the Cl–-free and Cl–-containing electrolytes. In the Cl–-free case the electro-
chemical current at overpotentials  90 mV slowly approaches the current of the purely
diﬀusion-limited growth with the increasing overpotential. However, at low overpotentials
the deviation form the purely diﬀusion-limited current is substantial, indicating a strong
ion transfer barrier. In the Cl–-containing solution the deviation from the diﬀusion-limited
deposition current is less than in the Cl–-free case. At the overpotential of 90 mV the
measured electrochemical current becomes nearly identical with the purely diﬀusion-
limited current in the presence of Cl– at t  5 s.1 Thus, we can conclude that the pres-
ence of Cl– lowers the ion transfer barrier for the Cu electrodeposition. This accelerating
eﬀect of Cl– on Cu electrodeposition is well-known and is usually attributed to the for-
mation of the CuCl complexes [150, 218]. In Chapter 8 we will show that apart from this
chemical accelerating eﬀect of Cl–, a structural accelerating mechanism is also active.
Finally, we can derive an expression for the current of instantaneous nucleation and
growth of nuclei under combined diﬀusion and ion transfer with the overlap of diﬀusion
zones around the nuclei. For that we use the following expression for the current of the
growth of a single nucleus provided in [13]:
I1(t) = p

1 + ntp
1 + 2nt
– 1

(7.8)
n =
i20VmQ
(zF )2DCb
p = 4p(zFDCb)
2
i0
Q
P3
P = exp

(zf + a)Fn
RT

Q = exp

2(zf + a)Fn
RT

– exp

–(z – 2(zf + a))FnRT

Here Vm is the molar volume of the deposit. By using the same derivation procedure
as in [10, 19] for the SH model, we can write for the projected surface area pr2d of a
1Cb is the concentration in the bulk of the solution and Cs is the concentration at the electrode surface.
1However, even at 90 mV overpotential the ion transfer barrier is active since at t < 5 s the current
deviates from the one described by the Cottrell equation, whereas the SH model predicts that both should
overlap at t > 1 s.
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diﬀusion zone around a nucleus as:
pr2d =
I1(t)
i(t) , (7.9)
where the numerator is deﬁned by Eq. 7.8 and the denominator by Eq. 7.7. Using
the Avrami theorem [16, 219], the actual fraction of area covered by diﬀusion zones is
expressed as:
q = 1 – exp

–N0
I1(t)
i(t)

, (7.10)
where N0 is the density of the nuclei on the electrode surface. Finally, we can write the
following expression for the current density idi(t) of instantaneous nucleation and growth
of nuclei under combined diﬀusion and ion transfer with the overlap of diﬀusion zones:
idi(t) = i(t)

1 – exp

–N0
I1(t)
i(t)

(7.11)
Figure 7.9: Comparison between ﬁts of experimental CA curves (black) using the SH
model (red) and Eq. 7.11 (blue) for instantaneous nucleation and growth of nuclei un-
der combined diﬀusion and ion transfer control with the overlap of diﬀusion zones. The
experimental CA curves were measured at (a) 50mV and (b) 70mV overpotential in
Cl–-free solution. The ﬁt parameters of the SH model are: (a) D = 4.2 10–6 cm2/s,
N0 = 1.5 106 cm–2; (b) D = 1 10–5 cm2/s, N0 = 2.3 106 cm–2. The ﬁt parameters of
Eq. 7.11 are: (a) D = 6.9 10–6 cm2/s, N0 = 4.2 1013 cm–2, and i0 = 1.5 10–4 A cm–2;
(b) D = 1.7 10–5 cm2/s, N0 = 1.6 1011 cm–2, and i0 = 7.5 10–4 A cm–2.
Figure 7.9 shows ﬁts of experimental CA curves using Eq. 7.11 as well as the SH
model. Although our model ﬁts the experimental curves better than the SH model
for longer deposition times, it fails to ﬁt the initial stages of deposition. Using our
model, we extract the nucleation density of N0 = 4.2 1013 cm–2 for h = 50mV and
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N0 = 1.6 1011 cm–2 for h = 70mV, which is several orders of magnitude larger than
the experimentally observed density (N0 = 2.5 107 cm–2 and N0 = 1.4 108 cm–2 re-
spectively), see Chapter 6. Thus, it appears that our model fails to describe the complete
CA curve correctly. Probably, it fails since, for the derivation of Eq. 7.7 and more specif-
ically for obtaining the solution of Fick’s law in the form of Eq. 7.6, we assume that the
surface concentration of the metal ions is (almost) constant. Obviously, it is not the case
in the very initial stages of deposition, as the surface concentration changes from Cb
to Cs in a very short time. Thus, at this stage, the solution of Fick’s law in the form of
Eq. 7.6 is not valid any more. For this stage of the deposition, Eq. 1.3 should be solved
using a time-dependent concentration at the electrode surface [220].
7.4 Inﬂuence of SPS
Figure 7.10: Experimental CA curves (black) of Cu bulk deposition on an electrochemically
roughened Au electrode from an (a) SPS-free but Cl–-containing solution and (b) after addi-
tion of 10mM SPS. The curves have been plotted in normalized coordinates. The red lines
represent curves calculated with the SH model for instantaneous nucleation and the blue
lines are calculated for progressive nucleation. The CA curve in (a) was acquired at 70mV
and the curve in (b) at 100mV overpotential.
In this section we would like to brieﬂy discuss the eﬀect of the addition of SPS to
the solution on the shape of the CA curves, measured during Cu bulk deposition. We
have conducted the CAmeasurements presented in this section on an electrochemically
roughened Au disk electrode, the same electrode as we used in the Raman measure-
ments, see Chapter 4. We used the electrochemically roughened electrode to assure
that the number of nucleation sites would remain the same in both the SPS-free and the
SPS-containing cases1.
1On Au(111) electrodes the number of nucleation sites increases in the presence of SPS due to the
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Figure 7.10a shows a CA curve acquired on the roughened Au electrode in a Cl–-
containing, but SPS-free solution, and the CA curve in Fig. 7.10b was acquired af-
ter addition of 10mM SPS. The CA curve in the SPS-free case deviates strongly from
the curves calculated with the SH model for instantaneous and progressive nucleation,
which is consistent with the other sections in this chapter. However, the CA curve mea-
sured in the SPS-containing solution, if plotted in normalized coordinates, appears to lie
in between the curves for instantaneous and progressive nucleation of the SH model,
which represent the limiting cases for very fast and very slow nucleation respectively
[20]. Such a behavior of the CA curves in the normalized coordinates is predicted by
the SM model of nucleation and growth, which describes intermediate nucleation rates.
Figure 7.11: A ﬁt (red line) of an experimental CA curve (black line) of Cu bulk deposition
on an electrochemically roughened Au electrode, acquired in an SPS- and Cl–-containing
solution. Prior to deposition, the electrode was kept at +350 mV sample potential for 15
minutes and afterwards at +5 mV for 2 minutes. The ﬁt was obtained using the SM model
of nucelation and growth. The ﬁt parameters are: Cb = 10–5 M/cm3, D = 9.0 10–6 cm2/s,
A = 3.15 s–1, and N0 = 5 107 cm–2.
Figure 7.11 shows a typical ﬁt of a CA curve, acquired in the SPS-containing solution,
by the SM model. The ﬁt appears nearly perfect, although there is some deviation
between the calculated and the measured curves. Especially, the current at t  4 s is
lower in themeasured curve as compared to the calculated one, indicating that either the
diﬀusion constant is estimated wrongly in the ﬁt, or that the growth is not purely diﬀusion-
limited. In addition, despite the reasonable coincidence between the SM model and the
measured data, we obtain the saturation densities of nuclei of the order of 5 107 cm–2
formation of islands with a monatomic Au step height during the Cu UPD, see Section 3.4.
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from the ﬁts, which is two orders of magnitude less than the values observed with the
STM ( 3 109 cm–2), see Chapter 6.
The fact that the CA curves in the SPS-containing solution look more similar to the
curves, predicted by the models of diﬀusion controlled nucleation and growth, can be
understood by considering the work of Vereecken et. al [150] (see also Section 6.6).
SPS molecules in the solution tend to form complexes with with the Cu2+ ions, turning
them into Cu+ ions. Since for the Cu electrodeposition the transition from Cu2+ to Cu+
is the rate-determining step, this step governs the kinetics of the ion transfer process
at the electrode. However, if the concentration of the Cu+-species is increased due to
the complex formation with the SPS, the deposition process becomes less dependent
on the ion transfer kinetics, and thus more dependent on the supply of the ions from
the bulk of the solution towards the electrode surface by diﬀusion. Therefore, the CA
curves become more similar to the curves predicted by the SM model. However, the
ﬁts between the SM model and the experimental data are not perfect, and also the
saturation densities of nuclei obtained from the ﬁts are much smaller than the ones
observed with the STM, which indicates that the nucleation and growth of Cu in the
presence of SPS is still not completely diﬀusion-controlled and that the combination of
the other eﬀects, such as described in this chapter, might play a role.
7.5 Summary
We presented an analysis of CA curves of Cu electrodeposition on Au(111) from a so-
lution containing 0.1M H2SO4 and 10mM CuSO4 in the Cl–-free case, and additional
1mM HCl in the Cl–-containing case. We found that the experimental CA curves devi-
ate from the ones predicted by the available models of nucleation and growth that are
derived under the assumption of diﬀusion control. We discussed diﬀerent reasons that
could explain the observed deviation, such as the eﬀect of the crystallite shape, the
crystallite distribution on the surface, and the inﬂuence of the ohmic drop in the solu-
tion. By analyzing the electrochemical current behavior at longer times after applying the
overpotential pulse, we found that Cu electrodeposition in our system proceeds under
combined diﬀusion and ion transfer control. Finally, we derived an analytical expression
for multiple nucleation and growth under combined diﬀusion and ion transfer control with
the overlap of diﬀusion zones around the nuclei. However, the model failed to describe
the current maximum of the experimental CA curves fully quantitatively. Fits of the ex-
perimental data using our model resulted in saturation densities of nuclei several orders
of magnitude higher than the one observed in the STM experiments.
The reason for the deviation of the experimental CA curves from the ones calculated
with the model is unclear. We believe that the reason for the deviation at shorter times
could be the combination of all eﬀects, discussed in this chapter, such as the ohmic
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drop and non-spherical crystallite shape, together with the diﬀusion and ion transfer
control. To get a better understanding of the processes that inﬂuence the shape of
the CA curves, system parameters, such as the cell geometry, electrode surface, Cu2+
concentration, electrolyte composition etc. have to be varied. In this way, one could
exclude the inﬂuence of some of the eﬀects, and also tune the deposition to be either
only diﬀusion or ion transfer controlled.
Additionally, we have measured CA curves of Cu deposition on an electrochemically
roughened Au electrode from a Cl–-containing solution both with and without 10mM of
SPS. In the presence of SPS in the solution, the CA curves were similar to the curves
predicted by the SM model, indicating the decrease of the ion transfer barrier. This ob-
servation can be explained by the formation of the SPS-Cu+ complexes in the solution.
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Chapter 8
Eﬀect of SO2–4 and Cl
– on Cu
electrodeposition on Cu(111)
crystallites
In this chapter we employ our high-speed EC-STM to study the eﬀect of speciﬁcally-
adsorbed anions on electrodeposition of Cu on the Cu(111) surface. We prepare the
surface by electrodeposition of large ﬂat Cu(111) crystallites on a Au(111) single crystal
electrode by the application of potentiostatic pulses in the electrolyte. We ﬁnd that the
adsorbed anions have a very strong eﬀect on the morphology of the growing deposit as
well as on the deposition mechanism itself. The anions determine the Cu step orien-
tation during growth and the size of the critical nucleus. Additionally, the magnitude of
the Ehrlich-Schwoebel eﬀect is inﬂuenced by the anions, probably being negligible in
the Cl–-free electrolyte and becoming strong in the presence of Cl–. Finally, we suggest
that the reduction of the nucleation barrier due to the smaller critical nucleus size in the
presence of Cl– could be at least partly responsible for the accelerating eﬀect of Cl– on
Cu electrodeposition from a sulfate-containing solution.
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8.1 Introduction
Despite the relatively large number of studies of metal electrodeposition in general and
Cu deposition in particular on various length scales using numerous techniques, such as
optical microscopy, STM, AFM, SEM, TEM, X-Ray diﬀraction, CV, and CA [178–185], re-
ports of in-situ observations of surface evolution during the actual growth remain scarce.
The majority of the deposition studies look at the end result of deposition after the actual
deposition process has been completed. By analyzing this deposit, various parameters
can be extracted, such as nucleation energy or kinetic parameters. Sometimes one
can even distinguish between one or several mechanisms that are active during the
electrodeposition process. However, it is not always possible to precisely determine the
deposition mechanisms after the deposition has ended. Moreover, after the termina-
tion of the deposition the surface may further evolve due to several processes such as
surface diﬀusion, dissolution, etc.
One way to be able to unambiguously identify the active deposition mechanisms
is to observe the electrode surface during the deposition process. Such experiments
have shown to be invaluable for the determination of parameters and mechanisms of
electrodeposition and dissolution [125, 221–224]. In particular, in-situ video-rate STM
studies have demonstrated that dynamic processes during growth can be observed and
characterized on the atomic scale [225, 226].
In this chapter we use our high-speed EC-STM to study Cu electrodeposition on the
Cu(111) surface from sulfate-containing solutions with and without Cl–. We ﬁnd that
the speciﬁc adsorption of the anions and the formation of the ordered anion adlayers
have a profound eﬀect not only on the morphology of the surface during deposition,
but also on the mechanism of growth. Additionally, we propose a scenario that could
explain the accelerating eﬀect of the Cl– ions on Cu electrodeposition. We suggest
that the reduction of the critical Cu nucleus size in the presence of Cl– could lead to a
lower incorporation barrier for the Cu2+ ions into the crystal lattice and thus faster overall
deposition kinetics.
8.2 Experimental details
To conduct an STM study of Cu electrodeposition on a well-deﬁned Cu surface, one
could use a Cu single crystal as the working electrode. However, electrodeposition
would inevitably lead to a deterioration of the quality of the Cu single crystal surface,
especially if additives are used. The roughness evolution at the surface might be so
severe that the conventional electrochemical polishing technique that is used for the
preparation of Cu single crystals for STM experiments would not be eﬀective any more.
Moreover, additives may remain on the electrode surface even after the polishing.
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To overcome this problem we have developed the following technique. We start out
with a Au(111) surface prepared using the procedure described in Appendix A. The
Au(111) electrode is mounted in our home-built high-speed EC-STM, equipped with a
Zerodur ﬂow cell, see Chapter 2. The cell is ﬁlled with an electrolyte containing 0.1 M
H2SO4 and 10 mM (or 2 mM) CuSO4 in the Cl
–-free case, and additional 1 mM HCl
in the Cl–-containing case. By applying a potentiostatic pulse, such as the ones de-
scribed in Chapter 6, we can grow relatively large and ﬂat Cu crystallites. If we apply
several more pulses afterwards with increasing amplitudes, we can nucleate more of
these crystallites, which then can merge. These crystallites grow epitaxially with the
(111) orientation of the faces that are parallel to the substrate. Thus, Cu electrodepo-
sition onto these crystallites is equivalent to the deposition on a Cu(111) single-crystal
electrode. The advantage of this method is that after the experiment all the Cu deposit
can be removed from the Au(111) electrode by applying a positive potential vs Cu/Cu2+.
Furthermore, the remaining additives on the surface can be easily removed from the Au
electrode using the preparation procedure described in Appendix A.
8.3 Cu growth in a sulfate-containing electrolyte
Figure 8.1a shows an STM image of the surface of a growing Cu(111) crystallite in a
sulfate-containing electrolyte, which consists of 2mM CuSO4 and 0.1M H2SO4. We
ﬁnd that the surface of this crystallite shows a high density of screw dislocations. We
believe that the growth of Cu mainly takes place at the screw dislocations under our ex-
perimental conditions, as we have never observed 2D nucleation of Cu islands on the
atomically ﬂat Cu terraces1. Figure 8.1b shows a zoom-in STM image of a single screw
dislocation. The periodic corrugation that is visible at the surface corresponds to the
moiré pattern that is formed due to the Cu surface reconstruction induced by SO2–4 ad-
sorption [162, 165]. The pattern is known to be hexagonal, but stretched along one main
symmetry axis. The period of the moiré pattern is 3.45 nm along the stretched direction
and 2.70 nm along the other two directions that correspond to the main symmetry axes,
as determined in [165]. Due to the limited resolution of our images, we cannot deﬁnitely
determine whether and along which direction the observed moiré pattern is stretched.
Figure 8.2 shows a series of subsequent STM images, where the evolution of a
monatomic step during Cu electrodeposition is visible. The major inﬂuence of the moiré
pattern on the growth morphology of the steps is obvious. Firstly, the steps are aligned
along the close-packed rows of themoiré pattern. Secondly, the propagation of the steps
proceeds via the formation of entire rows of the moiré pattern. Kinks correspond to the
end of the rows of complete moiré units. This suggests that themoiré units are the stable
1We have conducted four diﬀerent experiments in total.
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Figure 8.1: STM images of a Cu(111) crystallite, acquired during Cu electrodeposition from
a solution containing 2mM CuSO4 and 0.1M H2SO4 at overpotentials of (a) 86 mV and (b)
48 mV. (a) A 160 195 nm2 image showing atomic steps. These steps emanate from the
screw dislocations that are everywhere on the surface. We have identiﬁed a total of 13 screw
dislocations in this image. (b) A 81  100 nm2 image showing a single screw dislocation.
The corrugation of the moiré pattern of the sulfate adlayer is visible on the terraces. Please
note that the steps tend to align along the main symmetry axes of the moiré pattern. The
tunneling parameters are: –5mV tip bias,  500pA tunneling current, and 1.18 s–1 imaging
rate.
building blocks during deposition. A similar observation has been made in [162, 227],
where the Cu(111) surface has been studied in a sulfuric acid solution. It has been found
that at potentials, at which the transition occurs from the disordered sulfate adlayer to the
ordered structure with the moiré pattern, Cu adislands of monatomic height are formed
on the surface. The adislands of the smallest size consist of a single unit of the moiré
pattern, and larger adislands contain an integer number of moiré units. We would like
to clarify our deﬁnition of the term "building block". We deﬁne a building block as the
smallest stable growth unit. One might think that if the growth proceeds in these building
blocks, then the whole block (i.e. over 40 atoms) has to assemble at once. However,
this is highly improbable. We suggest that the growth of each new moiré unit involves
the assembly of a certain cluster of Cu atoms, which can be regarded as the critical
nucleus for the process, after which the rest of the moiré unit is quickly completed. If
this is so, we might expect to observe a modest fraction of incomplete moiré units. This
is indeed the case, as is illustrated by the STM images in Fig. 8.2.
To determine the size of the critical nucleus, which is probably smaller than the size
of the moiré unit, we can study the distances between steps originating at a screw
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Figure 8.2: Consecutive STM images of propagating steps at 48 mV overpotential. The
sulfate-induced moiré pattern is visible on the terraces. The steps are aligned along the
main symmetry axes of the moiré pattern, which are depicted by the black lines in the ﬁrst
image. Propagation of the steps proceeds in complete rows of the moiré pattern, although
features that are smaller than a moiré unit are observed at the steps (marked by arrows).
Also, kinks of the size of a moiré unit are visible. Please note that the halo around the
step edges is due to a double tip. The size of all images is 38.5  50 nm2. The tunneling
parameters are: –5mV tip bias,  500 pA tunneling current, and 1.18 s–1 imaging rate.
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dislocation. The theory of spiral growth, developed by Burton, Cabrera, and Frank (BCF)
[228], predicts that the distance between the spiral coils d is given by [229]:
d = 19rcrit = Trv1, (8.1)
where rcrit is the radius of the critical nucleus, Tr is the rotation period of the spiral, and
v1 is the propagation speed of a straight step (far from the screw dislocation). Although
this theory was developed for isotropic growth, Budevski et al. have shown that Eq. 8.1
also holds for polygonized growth spirals regardless of the number of corners [230]. By
analyzing four screw dislocations, we obtain d = 25.8 4.0 nm, which leads to a critical
nucleus radius of rcrit = 1.4  0.2 nm. We obtain a similar value of rcrit = 1.2  0.4 nm
by using the measured values of Tr = 5.62  0.93 s and v1 = 3.88  0.70nm/s. This
value is very close to the radius of a moiré unit, averaged over the three main directions,
which is rM = 1.48 nm. Hence, one could naively conclude that a moiré unit is not only
the smallest stable building block, but it is also the critical nucleus for 2D nucleation.
However, we argue that this is not the case, since the BCF model is not applicable
for our system. Indeed, in the BCF model it is assumed that if the length of a step
becomes equal to the diameter of the critical nucleus, the step can propagate freely
away from the dislocation. This is obviously not the case in our system, since for a step
to propagate, a critical nucleus for the formation of a moiré unit has to be assembled. As
we have mentioned before, we expect the critical nucleus to be smaller than the moiré
unit. Additionally, the propagation of a step is not homogeneous, but it is "quantized"
in rows of the moiré pattern. We suggest that if the BCF model would be modiﬁed to
account for such growth, one would ﬁnd that the distance between steps that emanate
from a single screw dislocation is proportional to the size of the stable building block
and not to the size of the critical nucleus.
Figure 8.3 shows a succession of STM images of the surface of a Cu(111) crys-
tallite in a 0.1M H2SO4 and 10mM CuSO4 solution during Cu electrodeposition at an
overpotential of 86 mV. In this ﬁgure a "train of steps" can be seen growing. This train
consists of monatomic steps (single steps), as well as of steps with a height of two
(double steps) and more atomic layers (multiple steps). We measure the average step
propagation speed to be v = 3.88 0.70 nm/s, which gives an average deposition rate
of 0.41 monolayer/s. From the analysis of these steps we ﬁnd the following peculiarities:
the propagation speed of the steps does not depend on the width of either the upper
or the lower adjacent terrace and the propagation speed is about the same for single,
double, and multiple steps. To understand the reason for such growth, we analyze the
mechanisms, by which the Cu2+ ions might get incorporated into the steps, leading to
the step propagation.
Firstly, we would like to consider deposition via Cu2+ reduction everywhere at the
surface and subsequent diﬀusion of Cu adatoms to the steps. If the Ehrlich-Schwoebel
(ES) eﬀect is present in the system, the ﬂux of adatoms that are incorporated in the step
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Figure 8.3: Diﬀerentiated STM images of a growing Cu step train during electrodeposition
from a 2mM CuSO4 and 0.1M H2SO4 solution at 86 mV overpotential. The gray arrow in
the ﬁrst image indicates the propagation direction of the steps. Green arrows mark a single
step and blue arrows mark a step with a height of three atomic layers. Note that two single
steps coalesce in the last image to form a double step in the region marked by the green
arrows. Size of all images is 160200 nm2. The tunneling parameters are: –5mV tip bias,
 500pA tunneling current, and 1.18 s–1 imaging rate.
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is diﬀerent from the lower and the upper terrace. With the normal ES eﬀect the adatom
ﬂux from the lower terrace is higher than from the upper one, leading to the equalization
of the terrace widths in a step train. The inverse ES eﬀect would result in a higher ﬂux
of adatoms from the upper terrace to the step, leading to formation of step bunches.
Neither the equalization of the terrace widths nor the step bunching are observed in our
experiments of Cu growth from a sulfate-containing solution. The fact that we see no ES
barrier eﬀect means that this barrier is either absent here or that it plays no role in the
growth mechanism at play. If we assume that the deposition takes place via the surface
diﬀusion mechanism without the ES eﬀect, then the propagation speed of a monatomic
step should be proportional to the sum of the widths of the upper and the lower adjacent
terraces. This should result in strong variations of the step propagation speeds in Fig.
8.3, which is not observed.
In case that growth of the steps were to proceed via the surface diﬀusionmechanism,
with or without the ES eﬀect, we can only explain the uniform propagation speed of the
steps on the surface if we assume that the growth speed is limited by the kinetics of
adatom (adion) attachment to the steps. In the case of a large attachment barrier of
the adatoms to the steps, one would expect an equal concentration of the adatom gas
everywhere on the surface, which should lead to the uniform propagation speed of single
monatomic steps. If this is the case, the double steps should have a lower propagation
speed than the single steps, since the former would receive the same amount of material
as the later; the double steps require twice the amount of atoms to propagate at the same
speed. This is in contradiction with our experimental observations, since we observe
a nearly equal propagation speed of all steps. On the other hand, one would expect a
ﬁnite separation between the single steps that form a double (multiple) step due to the
repulsive step-step interactions, such as the elastic and the entropic repulsion. In our
experiments we cannot determine this separation precisely due to the limited resolution,
but we can estimate that it is  3nm. Thus, if the step-step separation within the double
step is of the order of several nanometers, then the same adatom gas concentration
should be reached in between these steps, leading to the equal propagation speed of
the double and the single steps.
Let us now consider deposition via direct attachment of the Cu2+ ions from solu-
tion to the steps. During this deposition mechanism, all single monatomic steps that
are separated by terraces of suﬃciently large width would grow with the same velocity.
However, one would expect that at the (truly) double steps1 the capture zones around
the single steps that belonging to either one or the other step would overlap, leading
to a lower total step propagation speed of the double step. As we have mentioned
above, we cannot precisely measure the separation between the single steps that con-
1We deﬁne a truly double step as a step with a zero separation between the single steps that constitute
it.
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stitute a double step. If the step-step distance is of the order of several nanometers,
then the capture zones of the single steps within a double step can be viewed as non-
overlapping. In fact, the growth via a direct attachment mechanism to the step should
be independent of the step distance down to atomic dimensions [8]. Unfortunately, we
cannot unambiguously distinguish between the direct attachment mechanism and the
surface diﬀusion mechanism with a high attachment barrier to a step edge on the basis
of our experimental results.
To further investigate the mechanism of Cu electrodeposition from a sulfate contain-
ing electrolyte, one can vary the concentration of Cu2+ in the solution, while keeping the
overpotential and thus the supersaturation constant. In the case of diﬀusion-limited Cu
deposition a higher concentration would lead to an increased ﬂux of Cu2+ ions towards
the surface, since the electrochemical current and thus the ion ﬂux are given by the Cot-
trell equation, see Eq. 1.6, while leaving the surface diﬀusion coeﬃcient unchanged.
This is also the case if the deposition is both diﬀusion-limited and charge-transfer-limited
for relatively large values of the overpotential. Indeed, Eq. 7.7 can be written for large
t as:
i(t) = zF
p
DCbp
pt

1 – exp

–zFhRT

(8.2)
The term in the brackets can be assumed to be 1 at h  40 mV . Hence, Eq. 8.2 is
equivalent to the Cottrell equation at long deposition times and at an overpotential larger
than 40 mV. This means that the ﬂux of ions is proportional to the bulk concentration
of Cu2+. Please note that the ﬂux is proportional to t–1/2, where t is the time after the
onset of deposition. All STM images in this section were acquired at approximately the
same t  420 s.
Figure 8.4 shows several STM images of Cu electrodeposition on a Cu(111) crystal-
lite in a solution of 10mM CuSO4 and 0.1M H2SO4 at 46 mV overpotential. The prop-
agation of the atomic steps appears to proceed near the threshold between the stable
and unstable step ﬂow growth, where the latter would result in the step meandering in-
stability. Two mechanisms may lead to the meandering instability: the Bales-Zangwill
(BZ) instability and the instability due to the kink ES eﬀect [231]. A prerequisite for the
BZ instability is an active edge ES eﬀect [232]. The BZ instability appears due to an
increased adatom ﬂux to the convex part of a step from the lower terrace as compared
to a concave part. It should result in step meandering which is in-phase for adjacent
steps in a step train. This is not the case in our measurements. Thus, the step edge ES
eﬀect is not the reason for the observed instabilities, which is consistent with our earlier
conclusion that the ES eﬀect does not inﬂuence the step propagation during deposition
from a sulfate-containing electrolyte. The kink ES eﬀect may also lead to a meandering
instability, but with no phase correlations between steps in the initial stage of the insta-
bility [231, 233], thus making it a possible candidate for the mechanism of the instability.
Finally, at closer inspection of the STM images in Fig. 8.4, we see that the surface
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Figure 8.4: Diﬀerentiated STM images of a growing Cu step train during electrodeposition
from a 10mM CuSO4 and 0.1M H2SO4 solution at 46 mV overpotential. The white arrow
indicates the propagation direction of the steps. The black arrow marks a protrusion at a
step that disappears in the last image, suggesting that the growth might proceed close to
the instability threshold. The oval marks two pinning sites that lead to the step deformation.
Please note that the time in the images is indicated relative to the ﬁst image. The size of
all images is 230  300 nm2. The tunneling parameters are: –5mV tip bias,  500 pA
tunneling current, and 0.76 s–1 imaging rate.
contains a large density of pinning sites, which might have come from contamination in
this particular experiment1. We can distinguish the pinning sites from the growth insta-
bilities since we observe that several consecutive steps passing through these sites get
pinned at the same position, whereas the ﬂuctuations due to instabilities should occur
more randomly along diﬀerent steps. The observed step ﬂuctuations might therefore be
caused not by a near growth instability but simply by the combined pinning of the steps
at a modest density of pinning sites. To determine whether there is a transition from
stable step ﬂow growth at low incoming Cu2+-ion ﬂuxes to an unstable growth at high
ﬂuxes, as well as to identify the mechanism leading to the instability, one would need to
study deposition in a wider range of Cu2+ ion concentrations at the same overpotential.
8.4 Cu growth with Cl– in solution
Figure 8.5 shows STM images of Cu growth after the injection of HCl to a ﬁnal con-
centration of 0.3mM into a solution containing 2mM CuSO4 and 0.1M H2SO4. One
can see that before the Cl– ions have reached the electrode surface, i.e. at t = 0 s, the
growing Cu steps are not straight over the whole length scale of the images, see Fig.
1Please note that we did not observe pinning sites in Figs. 8.2 and 8.3.
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Figure 8.5: STM images of a growing Cu step train at 30 mV overpotential after the injec-
tion of 0.3mM HCl into a 2mM CuSO4 and 0.1M H2SO4 solution. Adsorption of Cl– leads
to the straightening of the steps as well as to the equalization of the step-step distances.
Additionally, the distance between two consecutive steps is reduced after the addition of
Cl–. Please note the diﬀerent dimensions of the vertical and horizontal axes. The size of
all images is 400  140 nm2. The tunneling parameters are: –5mV tip bias,  500 pA
tunneling current, 1.18 s–1 imaging rate.
8.5a. However, as soon as the Cl– adsorption sets on, the steps straighten out almost
immediately, see Figs. 8.5b-d. Also, the number of steps in the imaged surface area
increases. We suggest that the increase of the number of steps in a Cl–-containing
solution is due to a reduction of the size of the building block, as well as of the critical
nucleus for the formation process of the building block, which leads to a decrease of the
distance between the steps (spiral coils), according to Eq. 8.1. Indeed, if we compare
the step-step distances in Figs. 8.5a and d, we ﬁnd that the distances become smaller
by approximately three times after the addition of Cl– into the electrolyte. If we assume
that the observed steps emanate from a single screw dislocation, we may conclude that
the radius of the building block in the presence of Cl– is  0.47 nm. This approximately
equals to the distance between two neighboring Cl atoms of  0.42 nm of the incom-
mensurate Cl adlayer the Cu(111) surface with a rotated hexagonal structure that is
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Figure 8.6: Diﬀerentiated STM images of a propagating Cu step, marked by the arrow, that
is pinned in (a) and straightens out quickly after getting loose of the pinning point in (b). The
size of all images is 10060 nm2. The tunneling parameters are: –5mV tip bias,  500 pA
tunneling current, and 0.63 s–1 imaging rate.
close to the (
p
3
p
3)R30 structure [234]. Additionally we ﬁnd that the propagation
speed of the steps increases at least by a factor of 3 in Fig. 8.5d as compared to Fig.
8.5a. We could not measure the exact increase of the step propagation speed after the
introduction of Cl– since the time resolution of the imaging was not high enough and
since we could not distinguish unambiguously between diﬀerent steps in consecutive
images. Finally, we observe that the Cl– adsorption equalizes the distances between
the steps.
The equalization of the step-step distance is an indication of the step edge ES ef-
fect, as discussed in the previous section. On the other hand, the same ES eﬀect can
lead to the BZ step meandering instability [232], which we do not observe in our experi-
ments in the Cl–-containing solution. This means that a very eﬀective step stabilization
mechanism is active at the surface, which leads to the stable growth of straight steps.
A hint about this mechanism comes from Fig. 8.6a, where a propagating step is pinned
in one point by an impurity, resulting in a "indentation" in the step. In the consecutive
STM image the step gets unpinned and the concave "indentation" is cured within a short
time, see Fig. 8.6b. Since the ES barrier is active, the material to cure the "indentation"
comes mostly from the lower terrace. It can come to the bottom of the "indentation"
either via the diﬀusion along the step edge or diﬀusion on the terrace. The latter is im-
probable due to the large depth and the low width of the "indentation". Thus, we may
conclude that eﬀective diﬀusion along the step edges leads to the stabilization of the
growth of straight steps and that the distances between the steps are equalized due to
the ES eﬀect.
If the ES eﬀect is indeed active, one should observe a dependence of the step prop-
agation speed v on the width of the lower terrace l. In the simple case of an inﬁnite
ES barrier and no desorption from the terraces into the solution the relationship v = Fl
should hold, where F is the ﬂux per adatom site [17]. Please note that this relationship is
8. EFFECT OF SO2–4 AND CL– ON CU ELECTRODEPOSITION ON CU(111) CRYSTALLITES 183
Figure 8.7: Diﬀerentiated STM images of a Cu step, marked by an arrow, that approaches a
step bunch. The solution composition was 10mM CuSO4, 0.3mM HCl, and 0.1M H2SO4.
Size of all images is 160  200 nm2. The tunneling parameters are: +15mV tip bias,
 500pA tunneling current, and 0.63 s–1 imaging rate.
true only for freely propagating steps, i.e. without any pinning sites that could hinder step
propagation. Figure 8.7 shows a single Cu step that propagates on a terrace and ap-
proaches a step bunch. From our STM measurements, we estimate the deposition rate
to be 0.09 Ml/s in this experiment. On the other hand, the electrochemical current ﬂow-
ing through the sample in this experiment was about 280 mA/cm2, which corresponds
to a deposition rate of 0.5 Ml/s. We attribute this deviation to the inﬂuence of the STM
tip on the deposition. Figure 8.8 shows the dependence of the propagation speed of
the straight part of the step as a function of the lower terrace width. From the slope of
the straight-line ﬁt we obtain a deposition ﬂux of 0.05 0.01 Ml/s, which is close to the
estimated deposition rate of 0.09 Ml/s. This further supports the conclusion that the ES
eﬀect is active during Cu deposition from a Cl–-containing solution. From the ﬁt we ad-
ditionally ﬁnd that the deposition rate is not zero at the zero terrace width. This suggests
that there is an additional contribution of material towards the propagating step. This
additional material could be supplied either by surface diﬀusion from the upper terrace
due to a ﬁnite ES barrier or via the direct incorporation from the electrolyte to the step.
We would like to mention that we did not observe a clear diﬀerence between the Cu
deposition from the 2 mM and the 10 mM CuSO4 solution with Cl–, unlike we did in the
Cl–-free electrolyte.
In the following we will analyze the orientation of the growing Cu steps in the Cl–-
containing electrolyte. The angle between the steps is 120. As we have shown in
Chapter 5, the Cu crystallites electrodeposited on a Au(111) surface in a Cl–-containing
electrolyte have a triangular circumference with the side faces of the crystallites oriented
in the {100} direction. Thus, one could assume that the Cu steps that we observe during
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Figure 8.8: Propagation speed of the Cu step from Fig. 8.7 as a function of the lower
terrace width (squares). From the linear ﬁt of the experimental data (line) we obtain a slope
of 0.05 0.01 s–1. Please note that at l = 0 the step propagation speed is not zero.
Figure 8.9: STM images showing the orientation of the Cu steps during Cu deposition.
(a) Cu steps during deposition. The angle between the steps is 120. The inset shows a
zoom-out image of the triangular Cu crystallite, on which the experiment was conducted.
The black lines represent the orientations of the steps. The steps make an angle of 30 with
the side faces of the crystallite. (b) Cl– adlayer on a Cu crystallite with the structure close
to (
p
3
p
3)R30, imaged after deposition. The inset shows a zoom-out image of the
triangular Cu crystallite, on which the Cl– overlayer was imaged. The black lines represent
the main symmetry axes of the overlayer. The size of the images: (a) 200  200 nm2; (b)
6 6 nm2.
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deposition belong to either the (100) or the (111) planes. However, we ﬁnd that the
angle between the side faces of the triangular crystallites and the Cu steps during the
growth is  30, see Fig. 8.9a. To explain this diﬀerence we examine the structure of
the Cl– adlayer on the surface of the (111)-oriented Cu crystallites. The Cl– ions form
an adlayer on the Cu(111) surface with a structure that is close to (
p
3
p
3)R30, see
Fig. 8.9b. This strongly suggests that the Cu steps are not oriented along the close-
packed directions of Cu(111), but along the close-packed direction of the Cl– overlayer.
Preferential orientation of the Cu steps on Cu(111) along the close-packed direction of
the Cl– adlayer has been also observed in [105].
8.5 Discussion
Other studies have shown that the addition of small amounts of Cl– into a Cu-sulfate-
based plating bath has an accelerating eﬀect on Cu deposition. In our experiments we
also observe this eﬀect. Firstly, if we monitor the electrochemical deposition current
during the addition of Cl– into the solution, we see an increase of the current as the
Cl– reach the electrode surface, see Fig. 8.10. Secondly, we also see the accelerating
eﬀect of Cl– in our STM measurements. Indeed, in Fig. 8.5 we have shown that both
the step density and the step propagation speed increase after the introduction of Cl–
in the solution, leading to an increased Cu deposition rate. The exact reason for this
accelerating eﬀect of Cl– is still under debate, although it has been proposed that the
complex formation reaction between Cl– and Cu2+ might be responsible for it [150,
218]. In the following we will discuss the possible structural eﬀect of the anions on the
electrodeposition kinetics of Cu.
In general, one can distinguish several steps in the process of the conversion of an
ion from the double-layer region to the metallic atom incorporated into the metal lattice
[3]. First, a metal ion, such as Cu2+, is adsorbed on the terrace and becomes an adion,
possibly transferring some of its charge and losing part of its hydration shell. Next, the
adion diﬀuses on the surface towards an atomic step, where it gets attached to the step
and loses more of its hydration shell. Then the adion diﬀuses along the step until it ﬁnds
a kink site where it looses the rest of its hydration shell and the remainder of its charge
and gets embedded in the lattice as a neutral metallic atom. In a more realistic situation,
the adion cannot diﬀuse inﬁnitely long either on a terrace or along a step, if it cannot
ﬁnd either a step or a kink site respectively, or if there is a barrier for the attachment to
such a site. On average, after a certain characteristic diﬀusion time the adion will either
leave the step and continue to diﬀuse on the terrace1 (if the adion was attached to the
step), or it will desorb from the terrace and return to the double-layer as a dissolved ion
1Please note that there is also a small probability that the anion would dissolve into the solution directly
from the step.
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(if it was diﬀusing on the terrace).
In Section 8.3 we have shown that, in a SO2–4 -containing but Cl
–-free electrolyte,
growth of a Cu layer on a Cu(111) surface proceeds in complete units of the moiré
pattern, each of which contains over 40 Cu atoms and additional sulfate molecules,
see Fig. 8.11a. By analogy, we expect a similar growth behavior in a Cl–-containing
solution with a stable growth unit of several Cu atoms and several Cl atoms on top. In the
previous section we have estimated that the radius of the building block in the presence
of Cl– is 0.47 nm, which would correspond to 9 Cu atoms and 3 Cl atoms. However,
this still has to be veriﬁed experimentally. For our further discussion it is important to
stress that the size of the building block in the presence of Cl– is much smaller that the
building block in the solution that contains sulfate only. For simplicity, we will assume
in the following that the building block in a Cl–-containing solution consists of three Cu
atoms and one Cl atom on top, see Fig. 8.11b. The fact that a stable growth unit
consists of more than one Cu atom implies that there is a certain energy barrier (work
of nucleation) associated with the formation of the critical nucleus for this stable unit,
see Fig. 1.3. It is probable that the size of the critical nucleus for a stable, 40-atom
building block is signiﬁcantly larger than that for a stable building block of only a few
atoms, leading to a lower probability of the formation of a larger block under the same
electrodeposition conditions. This in turn suggests that in the Cl–-free electrolyte a
larger barrier could exist for the incorporation of the Cu2+ ions into the metallic crystal of
the deposit relative to the incorporation barrier in the Cl–-containing electrolyte. Thus,
Figure 8.10: CA curve acquired during Cu electrodeposition from a solution containing
2mM CuSO4 and 0.1M H2SO4 at 30 mV overpotential during the injection of HCl into the
electrolyte. Before Cl– is introduced into the cell, the absolute value of the current decreases
due to the diﬀusion-limited supply of Cu2+ to the electrode. After the injection of Cl– the
current increases, reﬂecting the accelerating eﬀect of Cl– on Cu electrodeposition.
8. EFFECT OF SO2–4 AND CL– ON CU ELECTRODEPOSITION ON CU(111) CRYSTALLITES 187
Figure 8.11: A model of the structure of Cu steps in a SO2–4 -containing but Cl
–-free elec-
trolyte (a) and a Cl–-containing one (b). The arrows point to the stable units of the steps.
Please note that in (a) the relative position of the lower and the higher terrace is approximate
and in (b) the Cl atoms on the lower terrace are not shown.
the accelerating eﬀect of the Cl– ions on the electrochemical Cu deposition from the
sulfate-based solutions could partly be due to the lower barrier and hence faster kinetics
of the incorporation of the Cu2+ ions into the growing deposit.
8.6 Conclusions
In this chapter we presented the results of an in-situ high-speed EC-STM study of Cu
electrodeposition onto Cu(111) crystallites from a SO2–4 -containing solution with and
without Cl–. We found that the speciﬁcally adsorbed anion has a profound eﬀect on
various properties of Cu deposition, such as the deposition mechanism, the critical nu-
cleus size, the surface structure of the growing deposit, and the step orientation during
growth. Thus, in a SO2–4 -containing solution without Cl
– the size of the critical nucleus
for the addition of Cu is probably signiﬁcantly larger than a single Cu atom, as a result of
the sulfate-induced moiré pattern. The Cu steps are oriented along the main symmetry
axes of the moiré pattern and grow in complete rows of the moiré units. From analyzing
the propagation speed of the steps we ﬁnd that the Cu is incorporated into the growing
steps by either the direct attachment of ions from solution to the step or by the surface
diﬀusion mechanism with a high attachment barrier of the adatoms to the step.
The addition of Cl– into the solution leads to a reorientation of the steps as well
as their straightening. It appears that the adsorption of Cl– forces the Cu step to be
oriented along the close-packed directions of the Cl– adlayer structure that is close to
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the (
p
3
p
3)R30 structure. Additionally, we found a strong indication that the prop-
agation of the Cu steps proceeds via surface diﬀusion with an active ES eﬀect. We
suggested that the fast step edge diﬀusion during growth leads to the straight steps and
prevents the meandering of the steps due to the Bales-Zangwill instability.
Finally, we proposed that the reduction of the nucleation barrier due to the smaller
building block size in the Cl–-containing solution as compared to the Cl–-free case could
be at least partially responsibly for the accelerating eﬀect of Cl– on Cu electrodeposition
from a sulfate-containing solution.
Appendix A
Tip and sample preparation
A commercial Au(111) single crystal [235] was used as the working electrode in the
STM measurements and also in the electrochemical measurements. The crystal had
the shape of a disc with a diameter of 7 mm and a thickness of 1 mm. Before each ex-
periment, the crystal was either immersed into an almost boiling mixture of 50% sulfuric
and 50% nitric acid or into the freshly prepared piranha solution (3:1 H2SO4 to H2O2)
until the mixture cooled down to room temperature. This was done to assure removal
of all organic as well as non-organic contaminants (such as the remains of Cu deposit
or surface Au-Cu alloy) from the surface. After that the crystal was rinsed in a large
amount of ultra-pure (MilliQ) water, before the sample was annealed at light yellow heat
in a butane ﬂame for approximately 10 minutes and cooled down in a nitrogen environ-
ment. Immediately after cooling down, the crystal was mounted in the ﬂow cell, and
a drop of either the working electrolyte or ultra-pure water was put onto the surface to
prevent possible surface contamination from the air.
We found that after prolonged use of the Au(111) single crystal electrode as the
working electrode in the bulk Cu deposition studies, the quality of the surface deterio-
rated. The decrease of the surface quality was visible on both the macroscopic scale
(visible by eye) and the microscopic scale (average atomic terrace width of  10 nm
). We suggest three reasons that could lead to the decrease of the surface quality.
Firstly, we have used Cl–-containing solutions in some of our experiments. Although
we rinsed the crystal with ultrapure water after each experiment, some chloride could
remain on the surface. This chloride could lead to the rapid etching of the Au(111) sur-
face in the nitric and the sulfuric acid solution, leading to the development of the surface
roughness. Secondly, Au-Cu alloy is known to be formed at the surface during bulk Cu
deposition, see Chapter 6. It is not clear whether the alloy extents only to the ﬁrst few
monatomic layers, or if it also extents deeper under the surface. If the Au(111) crys-
tal with the (sub)surface Au-Cu alloy is placed into either one of the two acid mixtures,
which were used for the cleaning, Cu would dissolve selectively from the alloy, leaving
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the rough Au structure, and leading to the increase of the surface roughness. Finally, if
not all Cu is removed during the cleaning in the acid mixture, it would oxidize during the
ﬂame-annealing of the crystal. This copper oxide could act as pinning sites during the
annealing, leading to the increase of the surface roughness.
STM tips were prepared by electrochemical etching of a tungsten wire (0.25 mm
diameter) in a 2M NaOH aqueous solution by applying 3.5 V DC voltage. A piece of
the wire, connected to the positive voltage output, was passed through a platinum ring,
which was connected to the negative voltage output. The W wire was positioned in
the center of the Pt ring to assure a symmetric form of the tip apex. Then a lamella of
NaOH solution was created on the Pt ring and the voltage was applied. The W wire
was etched until its bottom part fell down into a beaker glass ﬁlled with shaving foam
[236]. We always used only this lower part (and not the upper one) as a tip in our STM
experiments. After etching, the tip was coated with polyethylene to minimize faradaic
currents. This was accomplished by pushing the tip through a slit, which was heated
up to 98 C and on which a small piece of the polyethylene was melted. Finally, the tip
was inspected under an optical microscope to ensure that quality of the coating is good
and that the apex of the tip is exposed for tunneling.
Appendix B
Tip inﬂuence
Figure B.1: STM images of a C6 covered Au(111) surface during a sweep of the tip potential
at a constant sample potential of 400 mV in a solution containing 0.1 M H2SO4, 10 mM
CuSO4, and 1 mM HCl. The tip potential was swept from 250 mV to 50 mV ((a) and lower
half of (b)) and back (upper half of (b) and (c)) at a rate of 2 mV/s. The change of the tip
potential induces the formation of the Cu UPD layer. The arrows indicate the time axis. The
size of the images is 500 500 nm2. The tunneling current is 150 pA.
Here we would like to describe the tip inﬂuence eﬀects that we observed during Cu
UPD in the presence of hexanethiol (C6) and also during the imaging of the bulk Cu
deposition. Figure B.1 shows three consecutive STM images of a C6 covered Au(111)
surface in a solution containing 0.1 M H2SO4, 10 mM CuSO4, and 1 mM HCl. These
images were acquired at a constant sample potential of 400 mV, which is about 150
mV more positive than the Cu UPD formation peak, observed in the CV. During the
acquisition of these images, the tip potential was swept from 250mV to 50 mV and back.
In Fig. B.1a, no underpotential deposit is visible on the surface at the tip potential from
250 mV to  180 mV, which is consistent with the CV. However, at lower tip potentials,
small patches of deposit starts to appear on the surface, see Fig. B.1b. This deposit
has the same height as the Cu UPD patches ( 1 Å) that we have observed in Chapter
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3. Thus, it appears that the vicinity of the STM tip induces the formation of the Cu UPD
layer at the sample potential, at which no UPD can be formed if the tip is absent. If the
tip potential is increased again to 250 mV, these patches disappear, see Fig. B.1c. The
exact reason for this strong tip inﬂuence on the Cu UPD layer formation on a C6-covered
Au(111) surface remains unclear. However, it is obviously connected to the electric ﬁeld
induced between the tip and the sample. We would like to stress that we did not observe
any tip eﬀect on Cu UPD layer formation in both the thiol-free solution and the solution
containing SPS.
The vicinity of the STM tip appears to have a strong inﬂuence on the bulk Cu de-
position on the part of the surface that is imaged. We ﬁnd that if the tip potential is
even slightly more positive than the equilibrium potential of Cu deposition/dissolution
(i.e.  0 mV), the Cu deposit starts to dissolve even if the sample potential is kept as
negative as -50 mV. If the tip potential is more negative than 0 mV, but more positive
than the sample potential, we observe a decrease of the Cu deposition rate under the
tip, whereas if the tip potential is more negative than the sample potential, the deposition
is accelerated. Figure B.2 shows an example of the tip eﬀect on the bulk Cu deposit.
In Fig. B.2a the Au(111) surface, covered by the Cu crystallites, is imaged with the tip
potential of -20 mV and the sample potential of -10 mV. The Cu deposit appears stable.
However, as soon as the tip potential is raised to +20 mV, Cu starts to dissolve, exposing
the underlying Au surface, see Figs. B.2b-c. Similar tip inﬂuence has been reported in
the literature [199–201] and its exact reason is under debate [200, 237]. We ﬁnd that to
minimize the inﬂuence of the tip on the bulk Cu deposit, the tip potential has to be kept
slightly more negative (5-15 mV) than the sample potential.
Figure B.2: Diﬀerentiated STM images of Cu crystallites on Au(111) surface at -10 mV
surface potanial in a solution containing 0.1 M H2SO4, 10 mM CuSO4, and 1 mM HCl. The
image in (a) was acquired at the tip potential of -20 mV; in the images in (b) and (c) the tip
potential was raised to +20 mV, triggering the dissolution of the Cu. The size of the images
is 500 500 nm2. The tunneling current is 500 pA.
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Summary
Electrochemical deposition, or electrodeposition for short, is a process in which one can
put a coating of one metal onto another metal, simply by passing an electrical current
through a water solution of a salt1, which contains the metal to be deposited. Elec-
trodeposition is as old as the existence of stable sources of electrical current, such as a
battery, which was invented by Volta in 1800. Despite being around for a long time, elec-
trodeposition still keeps scientists and technologists excited due to its vast possibilities
and numerous applications.
New applications of electrodeposition are constantly being invented. For example,
in 1997 IBM introduced copper (Cu) wiring on a computer chip using electrodeposition.
To connect diﬀerent layers on such a chip, deep and narrow holes had to be ﬁlled with
Cu, without any defects that could lead to bad performance of the chip. Thus, the scien-
tists at IBM came up with bottom-up Cu electrodeposition, also known as the superﬁlling
process. For this superﬁlling process to set in, not only special deposition conditions are
required, such as the density of the electrochemical deposition current and the concen-
tration of the Cu ions in the solution, but also additional substances have to be added
to the solution. These substances, known as the additives, change the way that the Cu
layer grows.
In this thesis I present a study of the electrodeposition of copper and the eﬀect of
several additives at the smallest possible scale: the atomic scale. For that I use a
special type of microscope called the scanning tunneling microscope (STM). Whereas
one can distinguish objects that are of the order of 500 nanometers2 large using a
conventional light microscope, an STM allows one to "see" single atoms, a few tenths
of a nanometer in size. For that an extremely sharp needle, the tip, is positioned at a
very short distance of less than a nanometer from the surface. Even though there is no
contact between the needle and the surface, a small current will ﬂow between the two
if a voltage is applied. This current, which is quantum mechanical in nature, is called
1Similar to table salt (NaCl), which contains positively charged sodium (Na) ions (cations) and nega-
tively charged chloride (Cl) ions (anions), a salt can contain cations of one of the metals, such as copper,
nickel, iron, chromium, silver etc., and various anions, such as sulfate, chloride, phosphate, nitrate etc.
2A nanometer (nm) is 0.000000001 of a meter. An object with a diameter of 500 nm contains about
20 billion atoms.
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the tunneling current. This current is extremely sensitive to the distance between the
tip and the surface. Thus, if the tip is right above an atom, the current will be higher,
and if the tip is above the space between the atoms, the current will be lower. Hence,
by scanning the tip along the surface and measuring the current at every position, we
can reconstruct its atomic structure.
Although an STMworks best in an ultra-high vacuum environment, where very stable
and clean tunneling conditions can be achieved, the microscope can also be used in
air, special gas environments, and even in liquids. In the latter case, if the liquid is an
electrolyte1, the STM can be combined with the adjustable voltage source that controls
the potential of the surface, thus allowing one to control the reactions that occur on it.
This technique is called electrochemical STM (EC-STM).
Probably the largest disadvantage of a conventional STM is its low imaging speed.
It typically takes several tens of seconds or even minutes to obtain an image. This
is too slow to image the fast, dynamic changes of the electrode2 surface that occur
during electrodeposition. In Chapter 2 of this thesis I present my work to overcome
this limitation. I developed an EC-STM that is capable of fast scanning. For that, I
carefully designed various mechanical parts of the STM; moreover, I used numerical
techniques to optimize some of these parts for the best possible mechanical stability.
This is important since even the smallest uncontrolled vibration of the STM that might
be caused by the imaging motion of the tip can lead to a loss of imaging quality. To allow
for potential control in the electrolyte during STM imaging, an electronic device, called
a bipotentiostat has been developed as well. Additionally, I added further functionality
to the EC-STM, such as the ability to ﬂow and exchange electrolyte while imaging the
surface. All the considerations and precautions taken during the designing of the fast
EC-STM have paid oﬀ, since the ﬁnal microscope fully satisﬁed our expectations and
enables unique measurements.
As a substrate electrode for the study of Cu deposition I chose a gold (Au) single-
crystal surface, cut and polished along the (111) crystallographic plane. This speciﬁc
choice has several reasons. Firstly, it is relatively easy to prepare a clean, well-deﬁned
Au(111) surface. For that one has to anneal the pre-polished Au(111) electrode in a gas
ﬂame. Secondly, Au(111) electrodes have been extensively studied in the past using
EC-STM in various electrolytes, and also have often been used in earlier Cu electrode-
position studies. Thus, it is a good system to start with, since a large body of literature
is available. And ﬁnally, Cu electrodeposition proceeds in several distinct steps on a
Au(111) surface. As one may expect, electrodeposition of a thick layer of Cu, the so-
called bulk deposition, sets in at electrode potentials below the equilibrium potential for
the reduction reaction of the Cu ions. However, a layer of Cu of only one atom thick is
1Electrolyte is a liquid, which conducts electricity by means of dissolved ions.
2A metal piece, through which a current is passed in an electrolyte, is called an electrode.
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formed on a Au(111) electrode at potentials more positive than the equilibrium potential.
This single-layer formation process is known as underpotential deposition (UPD). The
UPD layer is an attractive system to study with the EC-STM, as it is relatively easy to
image. Moreover, the UPD layer formation can shed light onto the interactions between
the deposited Cu atoms and the co-adsorbed anions and/or organic additives from the
solution. I study the formation of the Cu UPD layer in electrolytes based on sulfuric acid
and copper sulfate. I focus on the eﬀects that two additives, which are used in industry,
namely the inorganic chloride ions (Cl) and organic bis(3-sulfopropyl)disulﬁdemolecules
(SPS), have on the formation mechanism and the structure of the UPD layer. This study
is described in Chapter 3, where a model of the Cu UPD layer formation on Au(111) in
the presence of SPS is proposed and extensively tested in various experiments.
As it was mentioned above, the STM allows one to "see" the atomic structure of the
surface. Unfortunately, it can be diﬃcult to interpret what one sees. Information from
various spectroscopic techniques can be combined with the structural information from
the STM to distinguish the species on the surface and to gain a deeper insight into the
underlying processes. In Chapter 4 I employ two slightly diﬀerent spectroscopic tech-
niques, namely infrared and Raman spectroscopy, both of which are sensitive to the
vibrations of the ions and molecules at the surface. The combination of the spectro-
scopic results and the STM observations allows the identiﬁcation of the species that are
present at the electrode surface at various potentials, and also provides hints on the
orientation of these species relative to the surface.
In the subsequent chapters of my thesis I continue the study of Cu electrodeposition
in a diﬀerent regime, namely bulk deposition. Unlike the UPD of Cu, bulk deposition is
not limited to one or several atomic layers, but it proceeds indeﬁnitely as long as there
is a supply of Cu ions from the electrolyte. In Chapter 5 I describe the study of Cu
bulk deposition by looking at the shape of the deposited Cu islands on Au(111) using
our home-built EC-STM. If grown under mild conditions, the shape of these islands
is determined by the energies of diﬀerent crystallographic planes that are in contact
with the electrolyte or with the substrate. I ﬁnd that the shape of the crystallites is very
diﬀerent depending on whether they were deposited in a solution containing only sulfuric
acid and copper sulfate or whether, in addition, some Cl ions were present. In the former
case, the islands have a hexagonal shape, whereas they become triangular in the latter
case. It turns out that the Cl ions adsorb on the faces of the Cu islands, and thus
change the ratio between the energies of the island faces with diﬀerent orientation. In
other words, the islands, which are hexagonal in a solution without Cl, prefer to expand
in three directions if Cl is present, thus transforming into triangles. Now, if some SPS
is added into the solution, the Cu islands grow into half-spheres, probably, because the
energy diﬀerence between various crystallographic orientations diminishes after SPS is
adsorbed on the crystallite surface.
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In Chapter 6 I describe the study of bulk Cu deposition by analyzing the kinetics1 of
the electrodeposition process on a Au(111) surface. For that I image a part of the elec-
trode surface after Cu deposition for certain periods of time at several diﬀerent values
of the electrode potential. Then, by counting the number of deposited Cu islands as a
function of potential and deposition time, and by looking at the position of the islands
on the electrode surface, I am able to determine the type of electrodeposition process,
and also extract the rate constant for the formation of the Cu islands. The rate constant,
called the nucleus formation energy, indicates that the main "diﬃculty" for the formation
of the new Cu islands during the deposition lies in the conversion of Cu ions, which are
in solution very close to the electrode surface, into metallic Cu atoms on the surface. In
Chapter 7 I come to the same conclusion by analyzing the electrochemical current that
ﬂows through the system during Cu electrodeposition as a function of time. The mea-
sured current-versus-time curves deviate signiﬁcantly from the ones predicted by the
existing models, where the conversion of the Cu ions into the metal atoms is assumed
to proceed without any hindrance. I show that by adding into the existing models a
special barrier, called the ion transfer barrier, the calculated temporal evolution of the
deposition current becomes virtually the same as the measured one. Also, I ﬁnd that the
addition of Cl into an otherwise Cl-free solution leads to a smaller ion transfer barrier,
whereas the addition of SPS makes this barrier negligible.
Finally, in Chapter 8 I unleash the full potential of our home-built video-rate EC-STM
to see whether we can learn something about the nature of this ion transfer barrier during
Cu deposition. For that I look at the surface of Cu islands, which has a (111) crystallo-
graphic orientation, during the deposition process. Apart from several interesting details
about the deposition mechanism, I ﬁnd that in a solution that contains sulfate only the
deposition of Cu does not happen atom-by-atom, but proceeds in large building blocks
that contain tens of atoms. This particular growth occurs due to the strong adsorption
of the sulfate ions onto the growing Cu surface. As soon as chloride is added to the
solution, it replaces the sulfate on the surface. This leads to a reduction of the size
of the building blocks to only a few atoms. This, in turn, lowers the nucleation barrier
and results in an acceleration of the growth. Although the accelerating property of Cl
has been known for a while, it has been always attributed to a chemical eﬀect, i.e. to a
chemical reaction between the Cl and the Cu ions in solution. In Chapter 8 it is shown
for the ﬁrst time that an acceleration eﬀect also can come from structural changes.
Although several novel eﬀects, which were observed during Cu electrodeposition,
are presented and discussed here, this thesis should also be regarded as laying the
ground work for further research. As is familiar in science, by answering some questions
one often raises even more new ones. For example, Cu electrodeposition should be
1Kinetics describes the rates at which the Cu ions adsorb on the electrode surface and become
metallic atoms and the rate at which these atoms, by racing on the surface, assemble into small clusters,
which then grow to become larger Cu islands.
SUMMARY 209
studied on other crystallographic planes of copper than the (111) orientation, and the
eﬀect of Cl on the deposition should be examined. Also, the inﬂuence that the SPS
molecules have on Cu deposition should be studied. When the action of every single
substance in the electrolyte is understood on the atomic level, and when the interplay
between the diﬀerent substances is unraveled, one could approach the ultimate goal of
bottom-up engineering of electrochemical deposition of copper.
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Samenvatting
Elektrochemische depositie of elektrodepositie is een proces waarin een metaallaag
op een ander metaal gedeponeerd wordt. Dit proces is heel eenvoudig. Er is niet
meer voor nodig dan een metaalzout1, opgelost in water, en twee elektroden die in de
oplossing steken, die verbonden zijn met een stroom bron. Het metaal uit de oplossing
wordt op één van de elektroden gedeponeerd als er een elektrische stroom in de juiste
richting door de oplossing wordt gestuurd. Elektrodepositie is al zolang bekend als het
bestaan van stabiele elektriciteitsbronnen, zoals een batterij, uitgevonden door Volta in
1800. Desondanks, is dit onderwerp nog steeds van interesse voor wetenschappers
en ingenieurs, vanwege het grote aantal mogelijkheden en toepassingen van deze de-
positiemethode.
Er worden voortdurend nieuwe toepassingen van elektrodepositie ontwikkeld. Zo
heeft IBM in 1997 een elektrodepositieproces ingevoerd dat wordt gebruikt voor het
herstellen van fouten in computerchips. Bij dit proces worden er elektrisch geleidende
koperverbindingen op de chip aangebracht. Om verschillende lagen van deze chip te
verbinden, moeten diepe en smalle gaatjes volledig met koper (Cu) gevuld worden,
zonder dat er defecten in de vulling ontstaan, zoals holtes. Dergelijke defecten kun-
nen de werking van de schakeling hinderen. Daarom hebben de wetenschappers bij
IBM een zogenaamd "bottom-up" vullingsproces ontwikkeld, ook bekend als "superﬁll-
ing". In dit proces worden de gaatjes in de chip homogeen vanuit de bodem naar de
rand gevuld. Om dit te bereiken volstaat het niet om een speciﬁeke elektrochemische
stroomdichtheid in te stellen in combinatie met een speciﬁeke concentratie van Cu in
de oplossing. Het is noodzakelijk om speciale stoﬀen aan de oplossing toe te voegen
om de gaatjes helemaal op te vullen. Deze stoﬀen, die "additieven" worden genoemd,
veranderen de manier waarop het Cu bezinksel aangroeit.
In dit proefschrift laat ik de resultaten zien vanmijn onderzoek naar de elektrodeposi-
tie van Cu en de invloed van enkele additieven. Ik onderzoek deze op de kleinst moge-
lijke schaal: de atomaire schaal. Daarvoor gebruik ik een speciale microscoop, de zo-
genaamde rastertunnelmicroscoop (Engels: scanning tunnelingmicroscope, STM). Met
1Een metaalzout is net als het gewone keukenzout. Keukenzout (NaCl) bevat positieve natriumionen
(kationen) en negatieve chloride-ionen (anionen). Een metaalzout bevat metalen kationen, zoals koper,
nikkel, ijzer, chroom enz., en anionen, zoals sulfaat, chloride, nitraat, fosfaat enz.
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een STM is het mogelijk individuele atomen aan het oppervlak van een geleidend mate-
riaal "zichtbaar" te maken, met een nauwkeurigheid van ongeveer een tiende nanome-
ter, terwijl met een gewone lichtmicroscoop uitsluitend objecten in beeld gebracht kun-
nen worden die typisch groter zijn dan 500 nanometer1. Om met de STM atomen te
kunnen zien gebruikt men een heel scherpe naald, die op extreem korte afstand (min-
der dan een nanometer) van het te bestuderen oppervlak geplaatst wordt. Ook al is er
geen direct contact tussen de naald en het oppervlak, toch zal er een kleine elektrische
stroom tussen de twee geleiders ontstaan als er een spanning aangelegd wordt. Dit is
een kwantummechanische stroom die tunnelstroom wordt genoemd. De tunnelstroom
is heel gevoelig voor de afstand tussen de naald en het oppervlak. Als de naald pre-
cies boven een atoom zit, wordt er een hogere stroom gemeten, dan als de naald zich
boven de ruimte tussen twee atomen bevindt. Door het aftasten van het oppervlak en
het meten van de tunnelstroom op elk punt, kan de atomaire structuur van het oppervlak
gereconstrueerd worden.
Alhoewel de STM het best in ultrahoog vacuüm werkt, waar heel stabiele waarden
voor de tunnelstroom bereikt kunnen worden, kan de microscoop ook in lucht, of in an-
dere gassen, of zelfs in vloeistoﬀen worden gebruikt. In het laatste geval, als de vloeistof
een elektrolyt2 is, kan de STMmet een regelbare spanningsbron gecombineerd worden.
Daarmee kan de elektrische potentiaal van het oppervlak worden bestudeerd en de re-
acties op het oppervlak worden gecontroleerd. Deze methode wordt elektrochemische
STM (EC-STM) genoemd.
Het grootste nadeel van een gewone STM is waarschijnlijk de lage snelheid van de
beeldopbouw. Het duurt normaal gesproken enkele tientallen seconden tot minuten om
een plaatje van het oppervlak te verkrijgen. Dat is te langzaam om de snelle, dyna-
mische verandering van het oppervlak tijdens de elektrodepositie te kunnen zien. In
hoofdstuk 2 van dit proefschrift beschrijf ik de ontwikkeling van een nieuwe, snelle
EC-STM, die het probleem van langzame beeldopbouw oplost. Om dat te bereiken,
ontwierp ik een aantal zeer speciale mechanische onderdelen voor de STM. Daarbij
gebruikte ik numerieke berekeningen om deze onderdelen te optimaliseren om zo de
best mogelijke mechanische stabiliteit te bereiken. Dit is belangrijk omdat, zodra de
STM een klein beetje trilt, mogelijk ten gevolge van de rasterbeweging van de naald,
het onmogelijk wordt om het oppervlak storingsvrij in beeld te brengen. Om de bedien-
ing van de STM in een elektrolyt mogelijk te maken is er een elektronisch apparaat, een
"bipotentiostaat", ontwikkeld. Een bipotentiostaat is een toestel om twee elektrodes3,
namelijk de STM naald en het te onderzoeken oppervlak, in een elektrolyt op een con-
1Een nanometer (nm) is 0.000000001 meter. Een object met een diameter van 500 nm bevat rond
20 miljard atomen.
2Elektrolyt is een vloeistof, die door opgeloste ionen elektrisch geleidend is.
3Elektrode is een geleidend objekt, waarop een elektrische spanning in een elektrolyt aangelegd
wordt.
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stante potentiaal te houden. Daarnaast, voeg ik aan de EC-STM een extra functie toe,
zoals de mogelijkheid om tijdens het meten elektrolyt te laten stromen en te vervangen.
Al deze overwegingen en voorzorgen tijdens de ontwikkelingsfase zijn de moeite waard
geweest, omdat de geconstrueerde microscoop aan alle onze verwachtingen voldoet,
en ons de mogelijkheden geeft om unieke metingen uit te voeren.
Ik heb een monokristallijn oppervlak van goud, dat parallel aan het kristallograﬁsche
(111)-vlak gepolijst is, gekozen als het substraat voor mijn studie naar Cu depositie.
Deze speciﬁeke keuze heeft een aantal redenen: Ten eerste, is het tamelijk eenvoudig
om een schoon en vlak Au(111) oppervlak te prepareren. Daarvoor moet een gepolijste
Au(111) elektrode met de gasvlam verhit worden. Ten tweede, is er al veel onderzoek
naar Cu elektrodepositie op Au(111) elektrodes met hulp van EC-STM door anderen
gedaan. Door de ruim beschikbare kennis over dit systeem is het goed geschikt om het
onderzoek naar Cu depositie daarmee te beginnen. Ten derde, verloopt Cu elektrode-
positie op het Au(111) oppervlak in enkele afzonderlijke stadia. Er groeit een dikke laag
koper in het zogenoemde "bulk" depositie regime op het oppervlak als er een hoge
negatieve elektrische spanning op de elektrode aangelegd wordt. Maar zelfs bij een
lage positieve spanning groeit er een laag koper; deze is slechts één atoom dik. Het
vormingsproces van deze atomaire laag heet onderspanning-depositie (Engels: under-
potential deposition, UPD). De UPD laag is een geschikt systeem om met de EC-STM
te bestuderen omdat het relatief eenvoudig is om deze laag met de microscoop in beeld
te brengen. Daarnaast kan het onderzoek naar de vorming van de UPD laag belan-
grijke informatie over de wisselwerkingen tussen de Cu atomen en de geadsorbeerde
anionen en/of organische additieven op het oppervlak leveren. Ik bestudeer de vorm-
ing van de Cu UPD laag uit elektrolyten op basis van zwavelzuur en kopersulfaat. Ik
concentreer mijn aandacht op de werking van twee additieven op het vormingsproces
van de Cu laag. Deze additieven, die in de industrie gebruikt worden, zijn de anorganis-
che chloride (Cl) ionen en de organische bis(3-sulfopropyl) disulﬁde (SPS) moleculen.
De resultaten van dit onderzoek zijn beschreven in hoofdstuk 3, waar een model van de
vorming van de bij onderspanning gevormde koper-laag op Au(111) in de aanwezigheid
van SPS voorgesteld wordt. Dit model is uitgebreid getest in een serie experimenten.
Met een STM is het mogelijk om de atomaire structuur van een oppervlak te "be-
kijken." Helaas is het vaak moeilijk om de waargenomen structuur te interpreteren.
Een combinatie van STM en spectroscopische technieken kan de ontbrekende infor-
matie leveren om de fragmenten op het oppervlak te kunnen identiﬁceren. Daardoor
is het mogelijk om een dieper inzicht in de basisprocessen tijdens de UPD te krijgen.
In hoofdstuk 4 wend ik twee verschillende spectroscopische technieken aan, namelijk
infrarood-spectroscopie en Raman-spectroscopie. Deze twee technieken zijn gevoelig
voor de trillingen van de ionen en moleculen op het metaaloppervlak. Met de combi-
natie van de spectroscopie en STM metingen ben ik in staat om de aanwezigheid van
214 SAMENVATTING
de SPS moleculen op het oppervlak als functie van de aangelegde elektrische potenti-
aal te bepalen en ook een schatting te maken van hun oriëntatie ten opzichte van het
oppervlak.
In de daarop volgende hoofdstukken vanmijn proefschrift bestudeer ik Cu elektrode-
positie in een ander depositieregime, namelijk de "bulk"-depositie. In tegenstelling tot
de UPD van Cu, is bulkdepositie niet beperkt tot één of enkele atomaire lagen. De
depositie kan doorgaan zolang het oppervlak met Cu ionen uit het elektrolyt voorzien
wordt. In hoofdstuk 5 beschrijf ik mijn studie naar Cu bulkdepositie door de vorm van
de gegroeide Cu eilanden met de EC-STM te bekijken. Deze vorm wordt bepaald door
de energieën van verschillende kristallograﬁsche vlakken in contact met het elektrolyt
of met het substraat. Ik ontdekte dat de vorm van de Cu kristallieten heel anders is in
een oplossing die alleen maar sulfaat-ionen bevat dan in een oplossing met toevoegde
chloride-ionen. In het eerste geval zijn de kristallieten zeshoekig terwijl ze in het tweede
geval driehoekig zijn. Het blijkt, dat de chloride-ionen adsorberen aan de randen van de
Cu eilanden en dat daardoor de energieverhouding tussen de zijkanten, van verschil-
lende kristallograﬁsche oriëntatie, verandert. Met anderen woorden, de zeshoekige
eilanden breiden zich bij voorkeur in drie richtingen tot driehoeken uit, als er wat Cl in
de oplossing aanwezig is. Als er nog wat SPS aan de oplossing toegevoegd wordt,
groeien de Cu eilanden dan in een hemisferische vorm. Waarschijnlijk gebeurt dit om-
dat het energieverschil tussen de verschillende kristallograﬁsche oriëntaties door de
adsorptie van SPS vermindert.
In hoofdstuk 6 beschrijf ik een studie naar de kinetiek1 van Cu bulkdepositie op
een Au(111) oppervlak. Daarvoor maak ik een afbeelding van een deel van het op-
pervlak, nadat ik gedurende een bepaalde tijd bij verschillende potentialen koper heb
gedeponeerd. Door het tellen van het aantal kristallieten als functie van potentiaal en de-
positietijd, en het bepalen van de ligging van de eilanden op de elektrode, ben ik in staat
om het soort elektrodepositieproces te bepalen. Bovendien bepaal ik de energie van
de zogenaamde kritische kiemvorming, die voor de verschijningssnelheid van nieuwe
Cu eilanden verantwoordelijk is. De waarde van deze energie duidt erop dat de groot-
ste weerstand voor de vorming van Cu eilanden tijdens depositie afkomstig is van de
barrière voor de omzetting van Cu ionen uit de oplossing naar Cu atomen op het op-
pervlak. In hoofdstuk 7 kom ik tot dezelfde conclusie door de elektrochemische stroom,
die tijdens de depositie door de elektrode stroomt, als functie van tijd te analyseren. De
gemeten stroom-tijd curven wijken sterk af van de berekingen op basis van modellen,
waarin de omzetting van Cu-ionen plaats vindt zonder een barrière. In dit hoofdstuk laat
ik zien dat, door het toevoegen van een speciale barrière aan het theoretische model
(de zogenaamde ionenuitwisselingsbarrière), de gemeten curves wél goed beschreven
1Kinetiek beschrijft de snelheid van de omzetting van Cu ionen naar Cu atomen op het oppervlak.
Kinetiek is ook verantwoordelijk voor de snelheid van de vorming van kleine Cu eilanden op het oppervlak
door de beweging van de geadsorbeerde Cu atomen.
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kunnen worden. Bovendien ontdek ik dat de toevoeging van Cl in een chloride-vrije
oplossing tot een vermindering van de ionenuitwisselingsbarrière leidt, terwijl een to-
evoeging van SPS deze barrière verwaasloosbaar klein maakt.
In het laatste hoofdstuk, hoofdstuk 8, gebruik ik de volle kracht van onze zelfge-
bouwde snelle EC-STMommeer te achterhalen over de aard van deze ionenuitwisselings-
barrière. Ik bekijk het oppervlak van de Cu eilanden met de (111)-oriëntatie tijdens het
depositieproces. Afgezien van enkele interessante details over het mechanisme van
depositie, ontdek ik dat de depositie van Cu in een oplossing met alleen sulfaationen
niet atoom-voor-atoom plaats heeft, maar in "bouwstenen" van tientallen atomen. Deze
groeiwijze ontstaat door de sterke adsorptie van de sulfaationen op het groeiende Cu
oppervlak. Zodra het chloride aan de oplossing toegevoegd wordt, vervangt die het
sulfaat aan het oppervlak. Als gevolg daarvan wordt de grootte van de bouwstenen
tot slechts enkele atomen verkleind. Dit leidt vervolgens tot een verhoging van de de-
positiesnelheid omdat de nucleatiebarrière kleiner wordt. Terwijl het versnellingseﬀect
van Cl op de Cu depositie al lang bekend was, werd het altijd toegeschreven aan de
chemische wisselwerking van Cl en Cu ionen in de oplossing. In hoofdstuk 8 wordt
voor het eerst aangetoond dat de structurele veranderingen van de groeiende Cu laag,
versnelling als gevolg kunnen hebben.
Ook al worden er in dit proefschrift nieuwe eﬀecten gepresenteerd en behandeld, die
tijds Cu elektrodepositie optreden, toch moet dit werk vooral worden beschouwd als de
basis voor verder onderzoek. Zoals vaak gebeurt in de wetenschap, roepen ook hier de
antwoorden die uit ons onderzoek zijn voortgekomen een groot aantal nieuwe vragen
op. De elektrodepositie van koper en het eﬀect van de toevoeging van chloride zal
bijvoorbeeld op andere kristalvlakken dan het (111)-vlak bestudeerd moeten worden.
Ook moet de invloed van SPS moleculen op koperdepositie onderzocht worden. Als
de werking van elke stof in het elektrolyt op het atomaire niveau begrepen is en het
samenspel tussen verschillenden stoﬀen is uitgezocht, komt het einddoel in zicht van
het "bottom-up" construeren van elektrochemisch gegroeide koperlagen.
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